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Abstract 
Abstract 
Rhodoliths are free-living form s of calcareous, coralline red algae that are found 
worldwide, from the tropics to the poles, in relatively shallow (0->250m) waters. They can 
live hundreds of years and continuously form a high-Mg calcite skeleton that presents 
periodical growth bands. Recent coralline red algae studies show that the va riations of 
specific trace elements along these growth bands can reflect secular changes in various 
environmental para meters. This study aims at assessing and furth er extending the ability 
of rhodolith-forms of coralline red algae to reconstruct environmental changes. Modern 
rhodoliths of the species Sporolithon durum from the Ricaudy Reef in New Caledonia were 
chosen for this proj ect. The use of laser ablation inductively coupled plasma mass 
spectrometry (LA-ICPMS) permitted to investigate the distribution pattern of Mg across 
s ingle rhodolith branches. The combination of LA-ICPMS analyses with alizarin red S 
staining and radiocarbon dating enabled us to determin e the seasonal character of the 
major Mg/Ca cycles recorded along rhodoliths branches, as well as characterise th e 
seasonal pattern of 14 other trace elements over the year 2010-2011. A statistical 
approach was employed to separate these trace e lements into three groups of similar 
behaviour that respond essentially to either environmental, biologic or anthropogenic 
influences. A 46-year record of Mg/Ca, Sr/Ca and Li/Ca variations obtained from multipl e 
rhodolith branches display a high level of correlation with the local, ins trum ental seawate r 
temperature dataset over the last five decades, a t both · monthly and interannual 
resolutions. Mg/Ca variations also record larger scale climate pattern such as El Nino -
South ern Oscillation (EN SO) variations, and compare well with the commonly used Sr/Ca-
temperature proxy of corals. In addition, interannual-to-decadal variations in specifi c 
trace metals concentrations (Mn, Fe a nd Ni) refl ect the intensity of former mining 
activities that occurred in the studied area from the 1960s to the late 1970s, making S. 
durum rhodoliths a potentially useful tool for the determination of anthropogenic 
pollution. Variations of the 1\180 composition in th e s keleton of S. durum were also 
inves tigated using sensitive high-resolution ion microprobe (SHRIMP). After correction 
for the instrumental mass fractionation (IMF), the 1\180 average va lue is found to be 
consistent with conventional mass spectrometer measurements but shows a negative 
offset compared to equilibrium that is, however, consistent with previously-reported vita l 
effects for coralline red algae. The range of 1\180 values recorded by the SHRIMP was too 
large to be explained so lely by changes in environmental parameters. Consequently, we 
proposed that high-resolution SHRIMP measurements of 1\180 may alternatively be used to 
obtain critical insights into metabolic a nd/or calcification processes in cora lline red algae. 
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I - Int roduction 
CHAPTER 
I Introduction 
1-1 Climate Change and human impact reconstructions 
Since the end of the 19th century, the Earth's surface temperature has been increasing 
globally. This temperature increase, associated with a rise of sea level and a retreat of 
most glaciers and ice covers throughout the world, has been qualified by the scientific 
community with the term "Climate Change" (!PCC, 2007). Whether Climate Change is a 
natural phenomenon or is the result of anthropogenic activities is still not fully 
understood and is a matter of intense debate among several scientists (e.g. Leroux, 2005; 
Plimer, 2009), although findings "incriminating" humans, through the addition of 
greenhouse gases into the atmosphere, are largely supported. Putting aside this debate, 
the biggest question yet to be answered regarding Climate Change is how and how much 
will the climate change in the future? The underlying question being how would this affect 
human populations? 
In order to address these questions, two critical aspects need to be thoroughly 
understood: 
(1) The current state of the Earth's climate, its behaviour and variability; 
(2) How did climate behave in the past and how did it evolve until today. 
Advanced methods of monitoring (e.g. satellites, data loggers) as well as recent 
historical records ( e.g. thermometers, weather pages in periodicals, vintage periods 
reports) permit to observe that the Earth's Climate system is ve ry complex and numerous 
parameters need to be taken into account in order to draw a comprehensive picture of its 
modern behaviour. Solar radiation appears to be the initial, crucial parameter governing 
climate variability as the primary source of heat at the surface of our Planet. However, the 
Sun's influence is often equalled or even surpassed by Earth-related forces playing a role 
of feedback in the climate system (Shindel! et al., 1999; Rind, 2002). 
The atmospheric Greenhouse Effect is one of the most important feedback forces 
influencing the climate (Mitchell, 1989), so is the reflection of the Sun's heat into the 
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atmosphere by the Earth's surface ( ca lled albedo), and in particular by ice covered areas 
( e.g. Rind et al., 1995). This is one of the reasons why ice retreat and the addi tion of 
greenhouse gases into the atmosphere by human activities are taken so seriou sly by the 
scientific community (lPCC, 2007). Other critical feedback forces reacting to the initial 
input of solar radiation and controlling the Earth 's climate variability, are the coupling 
ocean and atmospheric circu lations. Indeed, most of the solar energy reaches the tropical 
zones. This energy is, then, redistributed to the high latitud es via oceanic and atmospheric 
teleconnections (Lau and Lim, 1984). These teleconnections feature essential entities and 
climate phenomena affecting dramatically, wide areas of the Planet. The El Nino Southern 
Oscillation (ENSO) phenomenon a nd the African and Australasian monsoons are the best-
known of these climatic phenomena affecting the Tropics and the North Atlantic 
Oscillation (NAO) as well as th e Southern Annular Mode (SAM) widely control the climate 
of the mid- to high- latitudes. The connections and interactions between all these climatic 
forces are extremely complex and mathematical models to try to reconstruct the current 
state of the Earth's climate are not ab le to reproduce this complexity with great fidelity 
(e.g. Roeckner et al., 1992; Anagnostopoulos et al., 2010). Therefore, Future scenarios 
predicting the behaviour and effects of Climate Change are subject to a lot of uncertainties 
(IPCC, 2007). 
In order to reduce the uncerta inti es and, thu s, improve the predictions of Future 
Climate Change, scientists need to und ers tand how the climate looked like in the past and 
how it has evolved to its current state. 
When it comes to gather information about past climates (i.e. beyond the instrumenta l 
and historical records), palaeoclimatology can rely on a different array of tools that, 
naturally, recorded past environmenta l conditions on various timescales. 
Oceanic sed im ent and ice sheets are the essentia l archives of past climate at timescales 
spanning from millennia to millions of yea rs. For example, the ana lysis of the isotopic 
composition of the oxygen (1\180) present in foraminifera (calcareous microfossils) along a 
sediment co re demonstrated that the temperature of the Earth is oscillating at regu_Iar 
intervals since the beginning of the Quaternary period (2.6 Ma) and that these oscillations 
are linked to regular variations in the Earth's orbit a round the Sun, which controls the 
amount of so la r energy received by the Planet (Emiliani, 1955). These astronomical cycles, 
called Milankovitch cycles, are we ll determin ed and can be predicted for the Future ( e.g. 
Berger, 1978; Berger and Loutre, 2002). Analysing gas bubbles contained in ice core 
layers, Petit et al. (1999) determined the variatio ns of temperature a nd ice cover over the 
last -400 kyrs at Vostok, Antarctica. These authors showed that th ese variations are cyclic 
and correspond to solar radiation var iations linked to the Milankovitch cycles. It also 
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appears that, for this period of time lasting several hundred thousand years, the Earth's 
temperature and the concentration of greenhouse gases (CO2, CH4) into the atmosphere 
are closely related (Petit et al., 1999). Similarly, see also the study by Wolff et al. (2010) on 
an ice core from the EPICA Dome C site, also in Antarctica, revealing 800 kyrs of 
environmental changes. 
From millennial to decadal timescales, other proxies, offering a better resolution, are 
preferably used. For example, corals are the most commonly used archives of tropical, 
shallow-water oceanic changes and can give information about past variations of the ENSO 
phenomenon (e.g. Tudhope et al., 2001) and speleothems from tropical areas can record 
the past behaviour of the monsoon (e.g. Wang et al., 2001; 2008). Past land climates are 
generally recorded in tree rings ( e.g. Briffa et al., 1990) and extra-tropical climate changes 
at a high-resolution can, at times, be determined through the analysis of bivalve mollusc 
shells (e.g. Putten et al., 2000; Goodwin et al., 2003). 
All these tools can provide climate modellers with invaluable insights into past climatic 
conditions and greatly help with the future climate predictions. However, none of these 
archives is perfect and they all have uncertainties associated with their use. Two pathways 
are therefore available for future research: (1) either attempt to improve the performance 
of existing climate proxies in order to reduce their uncertainties, or (2) focus on the 
discovery and development of new proxies that can contribute to filling the gaps left void 
by other archives. These two pathways should be conducted in parallel with the aim of 
linking all the climate components together so the most reliable predictions for Future 
Climate Change can be achieved. 
In addition to the future climate concerns, humans' direct influence on the biotic 
communities is one of the major preoccupations of environmental scientists. Particularly, 
anthropogenic pollution of marine environments by way of discharge of excessive carbon, 
phosphorus or toxins from industrial or agricultural activities into the rivers, ultimately 
entering the ocean, largely affects the sustainability of the marine biota. In order to 
prevent dramatic changes and protect the biodiversity, these anthropogenic impacts have 
to be characterised and monitored. One option is to use organisms as "biomonitors" to 
determine their sensitivity and response to changes in the environment (Holt and Miller, 
2011). However, most of these organisms are limited by their short lifespan in the time 
scale of reconstruction of environmental impacts (e.g. Smith and Rainbow, 2006; Hedouin 
et al., 2008). Scleractinian corals, for example, represent one of the few marine organisms 
that are able to provide longer-term (decades to centuries) records of anthropogenic 
disturbances (e.g. Fallon et al., 2002; McCulloch et al., 2003; David, 2003; Alibert et al., 
2003). Expanding the variety of organisms capable of providing environmental records 
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over relatively long periods of time and from various types of environments would be 
greatly beneficial to better understand and manage the impacts of human activities on the 
marine biota. 
1-2 Objectives and overview of the study 
The objective of this research project is to propose a contribution to fill the existing 
gaps in the current array of tools used for climate and environmental reconstructions. 
Here, coralline red algae are investigated, under their rhodolith ( or free-living) form, as 
potential archives of the environment in a tropical system, mainly focusing on the 
geochemistry of the high-Mg calcite skeleton, which these benthic organisms form during 
growth. Research on coralline red alga l geochemistry as a recorder of environmental 
change was only pioneered in the early 2000s and the re is a critical need for further 
developments and improvements. 
This study essentially aims at: 
(1) using a different coralline red algal species from the tropics to assess the validity of 
previously published res ults and relationships between coralline red algae from the high-
latitud es and various climatic parameters, and more particularly, the Mg composition -
seawater temperature relationship; 
(2) extending the range of currently available geochemical proxies to assess the 
potential of coralline red algae as recorders of anthropogenic disturbance in near-shore, 
shallow water environments; 
(3) experimenting novel analytica l techniques for cora lline red algal geochemis try and 
evaluate their ability to provide insightful information on the environment in which they 
grow. 
This thesis is organised around 6 results chapters, sta rting with a literature review and 
ending up with a conclusion chapte r. The results chapters are presented in a manuscript 
format for ease of publication, therefore leading to a degree of repetition that is minimised 
as much as possible. 
Chapter II presents a summary of the current state of knowledge on coralline red algae 
arid rhodoliths. It takes the form of a literature review in which these organisms are 
characterized at var ious levels. The distribution of coralline red algae and rhodoliths 
around th e world is discussed and complemented by the identification of 
environmental factors influencing this distribution . The temporal evolution of 
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coralline red algae through geological times is also presented along with 
evolutionary patterns regarding past changes of seawater chemistry and Future 
Climate Change. This chapter also includes an overview of the biological 
characteristics of coralline red algae and rhodoliths, and particularly their role in the 
global carbonate production, the various morphological aspects they can take as 
well as their typical calcification and growth patterns. A section on geochemical 
studies undertaken on coralline red algae compiles age and growth rates. 
determination, as well as the use of geochemistry to reconstruct environmental 
parameters. Lastly, previous attempts at palaeoenvironmental interpretations are 
discussed. 
Chapter Ill endeavo urs to investigate the distribution of Mg into the calcite skeleton of 
rhodolith forms of the coralline red algal species Sporolithon durum from the 
Ricaudy Reef in New Caledonia. Using various instrumental settings of a laser 
ablation, inductively coupled plasma mass spectrometer (LA-ICPMS), 11 parallel 
profiles display high-resolution variations of Mg/Ca concentrations across a 
rhodolith branch. Accuracy and precision of the LA-ICPMS Mg/Ca measurements a re 
assessed by independent analysis of the Mg/Ca concentration in the same rhodolith 
using solution ICPMS, inductively coupled plasma atomic em ission spectrometry 
(ICP-AES) and electron probe micro analyses (EPMA). In addition to the high-Mg 
calcite skeleton deposited by the growing alga, other components of th e rhodolith 
potentially bearing Mg, such as the organic part or the presence of dolomite, are 
investigated. 
Chapter IV reports experiments conducted on the growth and chronology of S. durum 
rhodoliths from the Ricaudy Reef. Annual extension rates and growth patterns for 
the organisms' last living year (2010-2011) are characterised through the use of 
Alizarin Red S (ARS) stain and the determination of Mg/Ca seasonal cycles on 43 
rhodolith branches. A combination of radiocarbon dating and annual Mg-cycles and 
visual growth band counting is presented as a reliable chronological approach to 
determine the age of long-lived rhodoliths. Influentia l factors on the variability of 
the growth pattern and extension rates are discussed based on the comparison of 
our data with instrumental records of local environmental parameters. 
Chapter V investigates the seasonal pattern of 15 trace elements along th e 43 S. durum 
rhodolith branches for which the 2010-2011 extension rates and growth pattern 
have been determined (Chapter IV). Th e use of statistical methods such as pairwise 
correlation and hierarchical clustering enables to sort the studied trace elements in 
different groups of similar behaviour. Discussions involve the va riability of the trace 
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elemental profiles reco rd ed using LA-ICPMS as well as the environmental, biological 
or anthropogenic influences on the observed seasonal patterns. 
Chapter VI presents a >45 year-long record of sea-surface temperature (SST) for the 
Ricaudy Reef area based on the variations of Mg/Ca, Sr /Ca and Li/Ca in S. durum 
rhodoliths. LA-ICPMS measurements along 5 different branches recorded high-
resolution trace elementa l signals that are a nalysed for their reproducibility a nd 
compared to local instrumental SST data at monthly to interannual timescales over 
the last 50 years. lnterannual Mg/Ca variations are compared with an index of ENSO 
changes over the same period to assess the ability of S. durum rhodoliths to also 
record regional-scale climate patterns. The reliability of Mg/Ca in rhodoliths as a 
tool for SST reconstruction is a lso tested through a comparison with a previously 
generated record of Sr /Ca variations in a Po rites sp. coral from the same reef. 
Chapter VII focuses on the use of specific trace elements in S. durum rhodoliths to attempt 
a reconstruction of anthropogenic perturbation in the southwest lagoon of New 
Caledonia and more particularly around the Ricaudy Reef. An approximately 50 
years record of high-resolution Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca variations measured 
by LA-ICPMS along 5 rhodolith branches is presented. Calibration of the trace 
elements concentrations is achieved by the use of independent measurements from 
LA-ICPMS, solution !CPMS and ICP-AES. The variability of the trace elemental 
records is discussed and long-term patterns are compared to the evolution of loca l 
mining activities in the catchment of the studied area, as well as changes in rainfall 
since the 1960s. 
Chapter VIII reports pioneer results on the use of SHRIMP to record oxygen isotopic 
composition in coralline red algae. Experiments on and quantification of the 
instrumental mass fractionation (IMF) for high-Mg carbonate materials were carried 
out and high-resolution 1\180 variations in S. durum rhodolith from the Ricaudy Reef 
are presented. Discussion involves the potential role of various environmental and 
biologica l factors upon the incorporation of oxygen isotopes into the rhodolith 
skeleton. The ability of SHRIMP-derived 1\180 variations in the studied sam pl e to 
archive SST and salinity (SSS) is envisaged and future, encouraging paths of using 
the SHRIMP in coralline red algal research are a lso mentioned. 
Chapter IX summarises the conclusions of previous chapters in order to assess the 
potential of S. durum rhodoliths from the Ricaudy Reef, New Caledonia, as recorders 
of environmental changes. In this endeavour, confirmations of previous studies on 
coralline red algal geochem istry as we ll as new elements provided by this project 
are recalled and limits and future directions for coralline red algal research are 
identified. 
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Coralline red algae/ rhodoliths: 
literature review 
11-1 Introduction - Definitions 
Rhodoliths are free-living forms of encrusting coralline red algae (Foster, 2001). They 
form wh en algal cells first settle on a non-cohesive substrate. The latter will, then, become 
the nucleus of an unattached, concentrically-growing, calcareous structure that is ca lled a 
rhodolith (Bosence, 1983b; Goldberg, 2006). In this regard, rhodoliths are classified as a 
type of coated grain (oncoid- Bosence, 1983b; Harris et al., 1996) in which the nucleus can 
have many different sizes and / or shapes, and can also be quite diffe rent in nature: a 
nucleus can be either a fragment of coral, a mollusk shell, a cobble/ pebble, or, often, a 
fragment of a dead rhodolith (e.g. Harris et al., 1996; Basso etc al., 2009). More genera lly, 
the nature of the nucleus depends upon the supply of fragmented material from a nearby 
hard substrate (Adey and MacIntyre, 1973). Rhodoliths are generally found in aggregates, 
forming so-ca lled rhodolith beds (Foste r, 2001) that may entirely cover the sea floor 
(Figure 11-1). 
Figure 11-1 : Rhodolith beds (left) near the Ricaudy Reef, New Caledonia , 4-5 m deep; (right) off Point Addis 
National Park, Victoria, Australia , approx. 40 m deep (Photo from Parks Victoria). 
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Coralline algae have been of particular interest for sc ientists since the end of the 18th 
century, mainly as they play a major ro le in the building of reefs in the tropics, but also, 
because they are dredged and used as a soil fer tilize r, particularly in North-Western 
Europ e where they are called maerl (Adey and MacIntyre, 1973; Fos te r, 2001). However, 
th e difficulty in identifying and differentiating generic and specific variation s within th e 
group has prevented many scientists from co nducting detailed stud ies involving crustose 
corallines. When these researchers did, misnomers and misunderstandings rega rding 
taxonomy were frequent until the comprehensive "re-evaluation" of coralline algae by 
Adey an d McIntyre (1973), which helped clarify the basics of taxonomy of crustose 
coralline algae. However, despite this significant advance, uncerta inties between species 
could sti ll be an issu e as co nfirmed by the recent study of (da Nobrega Farias et al., 2009). 
This latter study presents a corall ine alga l speci es, w ith descriptive crite ri a tha t 
correspond to a well-known species in Braz il : Lithothamnion heteromorphum. However, 
th ese authors also found that their species could also fit into th e description of 
Lithothamnion superpositum, a species known to occur in South Africa and Austra li a, but 
not in Braz il. Thus, the authors assume that the two species are the sa me and that L. 
superpositum extends further wes t in the Atlantic Ocea n than previously thought. 
Additionally, the resolution of the class ification and phylogeny of the cora lline red algae is 
sti ll on-going and greatly benefits from recent advances in molecular analyses. One result, 
for example, is the formerly- recognised fam ily Sporolithaceae from the order Corallinales, 
which was el eva ted in the classification and is now recognized as the order Sporolithales 
(Le Ga ll et al., 2010). Similarly, phylogenetic relationships are cons istently clarified and 
the systematics of the cora ll ine red algae still evolves (e.g. Bittner et al., 2011). 
Another aspect of co nfusion leading to an un easy way for multidisciplinary sc ientists to 
communicate during the early days of coralline a lgae research was the denomi nation of 
what is now named as "rhodoliths". Some authors ca lled them "Lithothamnion balls" 
(Lithothamnion being on e of the genera of the Melob es ioideae subfamily) without being 
ab le to actually identify them (e.g. Stetson, 1953). Others referred to th ese alga l balls as 
"oncolites" (e.g. McMaster and Conover, 1966). "Rhodolites" and "rhodoids" were also 
proposed by Bosellin i and Ginsburg (1971) and Peryt (1983), respective ly, but were 
rejected as well, since the study of Bosence (1983 a). Indeed, the term "rhodolite" is 
already used to name a variety of garnet (Binda, 1973) and "rhodoid" is etymologica lly 
incorrect (rhodoid means "red-like" - Bosence, 1983a). It is only since the arguments of 
Adey and McIntyre (1973) and Bosence (19 83a) that the term "rhodolith " (rhodo phycean 
or "red rock") is now well accepted within the scientifi c community to define the free -
living forms of crustose coralline red algae. 
- 10 · 
II - Coralline red algae/ rhodoliths: literature review 
11-2 Coralline red algae and rhodoliths - A world approach 
11-2.a A global distribution 
Coralline red algae and rhodoliths are widely distributed across the world's oceans, 
from the tropics to the poles (Figure Il-2). Extensive rhodolith beds for instance, are 
reported in the Western Pacific off the coasts of Japan, Korea (Riosmena-Rodriguez, 2009),. 
the east coast of Australia (Lund et al., 2000; Littler et al., 1991; Chisholm, 2000; Harris et 
al., 2006), Indonesia (Verheij, 1993), New Zealand (Nalin et al., 2008; Basso et al., 2009; 
Nelson, 2009), New Caledonia (this study) or French Polynesia in the central South Pacific 
(Payri, 1997). They can a lso be found in the Eastern Pacific from Alaska to Chile, in Hawaii 
(e.g. Konar et al., 2006, Riosmena-Rodriguez, 2009) and most particularly in the Gulf of 
California, Mexico (e.g. Foster et al., 1997; Steller et al., 2003; 2009). Rhodoliths also occur 
in the Indian Ocean, off the coasts of Western Australia (Kendrick and Brearley, 1997; 
Goldberg and Heine, 2008), as well as Zanzibar (Semesi et al., 2009) and southern 
Mozambique (Foster, 2001; Perry, 2005). In the North Atlantic, high concentrations of 
rhodoliths are present on the west coasts of Ireland (Bosence, 1976; 1983b) and Scotland 
(e.g. Kamenos et al., 2008; Kamenos and Law, 2010; Kamenos, 2010), Brittany in France 
(Grall and Hall-Spencer, 20 03 ; Martin et al., 2007a;b), Spain (Adey and McKibbin, 1970), 
up to Canada (Gagnon et al., 2012) and Greenland (Kamenos et al., 2012a) but also in the 
Mediterranean (Bosence, 1983b; Basso, 1998; Foster, 2001 ), Florida (Bosence, 1983b) and 
the Carribean (e.g. Ballantine et al., 2000). Of all these locations, the east coast of Brazil in 
the South Atlantic is where rhodoliths are the most abundant. Indeed, rhodolith beds 
extend from 2°N to 27°S, with the Abrolhos Shelf bearing the largest rhodolith bed in the 
world, covering -20,900 km' (Amado-Filho et al., 2012), an area comparable to the one 
covered by coral reefs of the Great Barrier Reef in Australia (23,865 km 2; Vecsei, 2004). 
The southernmost occurrence of coralline red algae was reported by Schwarz et al. (2005) 
in the Ross Sea, Antarctica. 
From a depth perspective, coralline red algae span the whole range of the photic zone, 
from intertidal flats and shallow ( <10 m) waters (Adey and MacIntyre, 1973; Payri, 1997; 
Chisholm, 2000; Payri and Cabioch, 2004; Ries, 2006; Basso et al., 2009) to intermediate 
(20-60 m) depths (Adey and MacIntyre, 1973; Harris et al., 1996; Lund et al., 2000; 
Schwarz et al., 2005; Goldberg, 2006; Steller et al., 20 09) and down to zones of limited 
light ava ilab il ity (>100 m) (Adey and MacIntyre, 1973; Harris et al., 1996, Lund et al., 
2000; Cabioch et a l., 2008), with the deepest living rhodoliths reported at a 290 -m depth 
along the slope of the San Salvador Sea Mount, Bahamas (Littler et al., 1991). 
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Coralline red algae and rhodoliths thrive on a variety of substrates ranging from muddy 
to rocky environments (Foster, 2001; Nelson, 2009). Indeed, encrusting coralline red algae 
are essentially found on hard bottoms, with the algae sometimes entirely covering rocky 
substrates ( e.g. Adey and MacIntyre, 1973; Schwarz et al., 2005; Hal far et al., 2008) 
whereas rhodoliths are commonly observed on biogenic, calcareous sediments (Foster, 
2001; this study) or soft, muddy to sandy environments (Goldberg, 2006; Harvey and Bird, 
2008; Basso et al., 2009). 
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Figure 11-2: Map showing the location of the reported presence of rhodoliths (adapted from Foster, 2001 ). 
11-2 .b 
Notice the high concentrations off Brazil , Western Australia, the Brtish Isles and the Gulf of 
California. Note: this map is non exhaustive. 
Influencing factors 
The global distribution of coralline red algae in the world's oceans suggests that neither 
seawater temperature nor light intensity are limiting factor for their developm ent. 
However, that is, only if coralline red algae are considered as a group. Indeed, these two 
factors become critical and condition the occurrence of these benthic organisms when the 
distribution of particular families or genera is considered. In this respect, attempts at a 
classification of coralline red algae according to their predominant milieu of occurrence 
are present in the literature. For instance, the genera Lithothomnion, Mesophyllum or 
Clathromorphum are commonly assoc iated with high-latitudes, relatively shallow-water 
environments (e.g. Adey and MacIntyre, 1973; Halfar et al., 2000; Aguirre et al., 2000; 
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Kamenos et a l., 2008; Hetzinger et al., 2009; Basso et al., 2009; Kamenos, 2010), whereas 
the dominant genera in tropical settings are usually Hydrolithon , Neogoniolithon and 
lithophyllum for the shallow waters (Adey and MacIntyre, 1973; Aguirre et al., 2000; 
Basso et al., 2009) and Sporolithon is commonly found in tropical deep waters (Adey and 
MacIntyre, 1973; Aguirre et al., 2000; Henriques et al., 2009). It has to be noted however 
that this type of classification is limited as the same genus can occur in very different 
environments. lithothamnion, for examp le, is not exclusive to high- latitudes. -
Representatives of the genus were also reported in the shallow, temperate waters of the 
Gulf of California, Mexico (Halfar et al., 2000; Frantz et al., 2000; Steller et al., 2009) or in a 
tropica l reef sequence (Payri and Cabioch, 2004) where they may correspond to deep-
water environments (Adey and MacIntyre, 1973; Aguirre et al., 2000). In such cases, the 
identification of the organisms to the species level may be critical, but even then, some 
species such as Sporolithon durum can also be found in a variety of environments. 
Henriques et al. (2009) reported the presence of S. durum in the deep (-50 m) waters of 
Bahia and Espiritu Santo states in Brazil, while Basso et al. (2009) studied the same 
species in a near-surface environment in the North Island of New Zealand and Goldberg 
and Heine (2008) reported S. durum rhodoliths from the shallow waters of Rottnest 
Island, Western Australia. S. durum has also been observed to be the most abundant 
coralline red alga l species in a shallow, tropical reef environment in New Caledonia (this 
study). 
At a local sca le, however, it seems that temperature and light are controlling facto r on 
the occurence of coralline red algae (Adey and MacIntyre, 1973). In addition, water motion 
is a critical parameter influencing the di stribution of rhodoliths. Generally a rhodolith bed 
can only form when there is sufficient current to provide from sediment depositio n that 
causes burial (Adey and MacIntyre, 1973; Harris et al., 1996; Foster, 2001) and no so 
much as to break the calcareous structure of the rhodoliths (Adey and MacIntyre, 1973; 
Bosence, 1983b). Consequently, rhodoliths beds are commonly found in moderate water 
motion se ttings that correspond to semi-protected environments where the current can 
be based either on wave action or tidal energy (e.g. Steller et al., 2009). In so me cases, the 
morphology of the rhodolith bed or the rhodoliths can be characteristic of particular 
energy conditions (Bosence, 1983a;b; Steller et al., 2009) but care should be taken as to 
interpret water motion conditions based only on the morphology of th e rhodoliths (see 
section below). 
In conclusion, a lthough coralline red algae and rhodoliths can virtually be found 
"anywhere" in the photic zone, they definitely do not occur "everywhere". Their global 
distribution is highly discontinuous (Figure 11-2) and the adequate environmental settings 
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requ ired for the development of these organisms are complex and far from being fully 
understood, as, so far, they have mainly been interpreted based on limited field surveys 
and short term environmental observations. 
11-3 Geological History 
The geological fingerprint of coralline red algae dates back to the beginning of the 
Palaeozoic eon. It is even thought that they were already present in the primitive oceans of 
the Precambrian, over 600 million years (Ma) ago (Steneck and Martone, 2007). This 
qualifies these calcareous algae as one of the oldest organisms still living on Earth. 
11-3.a Origins and extinction patterns 
During the period before the Mesozoic (-250 Ma), corallin e algae are placed into a 
slightly different classification than the modern one. The group of encrusting algae 
Solenoporaceae and the genus Archaeolithophyllum were the main representatives of the 
phylum Rhodophyta from the Cambrian to the end of the Permian (540-250 Ma - Ries, 
2006). They were, for examp le, thought to thrive in relatively high latitudes (35-45 °) 
during the Late Ordovician / Devonian - Middle Paleozoic (Copper, 1994; Fig.SJ. 
Archaeolithophyllum have been observed to be one of the major skeletal contributors of 
the carbonate facies, under crustose or rhodolith form, from the Pennsylvanian to the Late 
Permian (320-250 Ma - Wray, 1964; 1977; Figure 1 in Stanley and Hardie, 1998). Both of 
these members of the crustose coralline a lgae are now extinct: Archaeo/ithophyllum did 
not survive the major Permo-Triasic biotic crisis and the Solenoporaceae disa ppeared 
after the Neogene period (Ries, 2006). Hence, they are considered to be ancestral forms of 
the coralline red algae that thrive in modern oceans. Indeed, some of the major 
characteristics such as morphology (size, shape, internal tissue and reproductory organs), 
mineralogy and environmental distribution are very similar to the ones of the modern 
family Corallinaceae that comprises, in particular, the genus Lithophyllum (Wray, 1964; 
1977). 
Modern representatives of crustose coralline algae originated in the early Cretaceous 
(-140 Ma) and evolved and diversified since then to become one of the most important 
calcifiers that are now present in the world's oceans. The global number of coralline 
species, reflecting their diversity, increased exponentially from the early Cretaceous to the 
early Miocene (-20 Ma) to reach a peak with 245 different species. At the time of Miocene 
global changes, mainly characterized by the onset of the East Antarctic ice sheet, inducing 
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changes in ocean circulation and a related enhancement of nutrient in the worldwide 
waters (Zachos et al., 2001), coralline algae were so important that they replaced coral 
communities by being the major carbonate producers in the oceans (Halfar and Mutti, 
2005). Later on, coralline algal diversity slightly decreased down to 43 species in the late 
Pliocene ( ~2.5 Ma) and finally approximately doubled in number ( ~90 species) during the 
Pleistocene (Aguirre et al., 2000). 
Three orders of corall ine red algae are now recognised to be part of the phylum 
Rhodophyta: the most common Corallinales, incuding the families Hapalidiaceae 
(Melobesioideae) and Corallinaceae, the Sporolithales and the Rhodogorgonales (Bittner 
et al., 2011). 
The orders Corallinales and Sporolithales varied in opposite patterns throughout 
geological times (Figure 1-3). These two orders had similar species diversity during the 
Early Cretaceous ( ~140-120 Ma) and appear to have been restricted to the tropics, mainly 
in the Tethys region. As temperature increased during the Cretaceous, the Sporolithales 
expanded to reach their maximum of diversity and become the most species-rich 
corallines around the Turonian ( ~90 Ma). At the same time, the number of species from 
the order Corallinales decreased to their lowest diversity. After the Cretaceous/Tertiary 
crisis, which led to the extinction of 58-6 7% of the coralline species, and during the 
Paleocene and Eocene (early Cenozoic, 65-35 Ma), a global cooling of the oceans permitted 
cool, deep-waters species from the Hapalidiaceae family (Corallinales) to drastically 
expand geographically and in diversity. During the Oligocene-early Miocene period ( ~35-
20 Ma), the onset of the Southern Hemisphere glaciations helped global latitudinal climatic 
differentiation, resulting in an in crease partitioning of shallow water habitats, thus, 
allowing shallow- warm-waters species from the Corallinaceae family (Corallinales) to 
rapidly expand. An increase in scleractin ian coral diversity is also observed at the same 
period ( e.g. Coates and Jackson, 1985). The Corallinales reached a maximum of more than 
40 species in the early Miocene ( ~20 Ma), whereas the Sporolithales slightly decreased. 
Since then, both orders seem to maintain a relatively stable pattern, although showing a 
slight decrease in species diversity (Aguirre et al., 2000). Note that the classification used 
in Aguirre et al. (2000) is different from the currently-accepted one. As we used the 
current classification, orders and families described here may not correspond to the ones 
published in Aguirre et al. (2000) (Figure 11-3). 
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Figure 11-3: Evolution of species richness of three sub families of coralline algae since th e Cretaceous (Figure 
6 in Aguirre et al. , 2000). Note that the taxonomy used in this study is now obsolete . For instance, 
the Sporolithaceae family displayed here has been elevated to a new order: Sporolithales (Le Gall 
et al. , 2010 ; Bittner et al., 2011) 
According to Agu ir re et al. (2000), these opposite va ri ations in the diversity of the two 
main orders of coralline red algae through time might be explained by the differen t 
optimal-growth environments that are observed today in their distribution patterns. It is 
also noteworthy that these variations correlate quite well with seawater-temperatures-
related variations of 6180 in benthic foraminifera (Savin, 1977). The order Sporolithales 
shows a direct correlation with temperature whereas Corallinales shows a negative 
correlation (Aguirre et al., 2000). 
It is important to state that the geological history of the evolution and divers ity of 
coralline red algae has not been linear through time but has suffered from several crisis or 
massive extinction events as well as periods of species origina tions, all of these, 
cumulated, resulting in an important species turnover. The main extinction events for 
corallines occurred in the late Cretaceous with the Cretaceous/Tertiary biological crisis 
(-65 Ma). At that time, 67% of the coralline species disappeared. The late Eocene period 
(-35 Ma) was also marked by significant species extinction as 27.5% of corallines were 
affected. These two crises are the only ones that are correlated to well -kn own mass 
extinctions for other groups. The range of loss for corallines is also somewhat similar to 
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the one for the other groups (Aguirre et al., 2000). The other extinction events that each 
eliminated more than 20% of coralline species are not as significant as for other groups. 
However, the late Paleocene-early Eocene extinction event (55 Ma) also affected benthic 
foraminifera, scleractinian corals and terrestrial organisms (e.g. Benton, 1995; Sepkoski Jr, 
1990). In the same respect, the coralline crisis that occurred during the early Pliocene (5 
Ma) has been recognised in other marine animals (see Raup and Sepkoski Jr, 1986), but 
was not as significant as it was for coralline red algae. 
The fact that the overall coralline diversity continued to increase despite these 
extinction periods from the early Cretaceous until the early Miocene is related to major 
origination periods that almost immediately followed the major crises (Aguirre et al., 
2000). The best example is the early Cenozoic (65 Ma) coralline species origination that 
reached almost 70% and then compensated and even surpassed the loss of species during 
the prior major crisis. This 'compensation' has been interpreted as new species filling 
habitats that the extinct species left void (see Stanley, 1979). 
11-3.b Coralline red algae and secular changes in seawater Mg/Ca ratio 
It is also interesting to note that not only coralline species distribution and abundances 
change over geological times, but also did their chemical composition and especially the 
proportion of Mg incorporated in their skeleton. 
Over the Phanerozoic eon, according to the variations of the MgC03 proportion in the 
global seawater, Earth oceans have oscillated, on a 100,000 to 200,000 years basis, 
between what Sandberg (1983) introduced as "calcite seas" and "aragonite seas". These 
oscillations, which were proved to be closely related to the rate of expansion of the mid-
ocean ridges through time (Hardie, 1996) , are responsible for the modifications in 
mineralogy of abiotic carbonates as well as biogenic CaC03 produced by reef-builder 
organisms ( e.g. Hardie, 1996; Ries, 2009). Indeed, most of the latter organisms generate a 
calcareous skeleton in which the Mg content varies accordingly to the Mg content of the 
ambient seawater. That is, during a "calcite sea" period when the MgC03 content of the 
global ocean is low ( <4% MgC03), biotic and a biotic carbonate production will essentially 
be under a low-Mg calcite form, whereas during an "aragonite sea" phase when MgC03 of 
seawater is over 4%, aragonite and high-Mg calcite will be produced. The alternations 
between one and the other most favourable form of calcium carbonate deposited is 
thought to be the major cause of alternating between dominant reef-building species over 
the geological record (Stanley and Hardie, 1998; 1999). Stanley and Hardie (1998; 1999) 
showed, for example, that coralline algae, which currently produce a high-magnesium 
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calcite skeleton, were one of the majo r reef builders in the Permian-Triasic "aragonite seas 
II " (-370-200 Ma) as they are in nowadays' "aragonite seas Ill" (Foster, 2001). However, 
as sta ted in the above paragrap hs, coralline algae were present and evolved during all the 
Phanerozoic eon and were s ign ifica nt carbonate producers all through this time, eve n in 
"calci te seas". The difference is that, in a low-MgCO3 sea, coralli ne algae (as well as the 
majority of reef-builder organisms) produced a low-Mg calcite skeleton, adapting their 
mineralogy to the MgCO3 content of the ambien t seawater (Stan ley et al., 2002; Ries, 2006; 
2009). Ries (200 6), after conducting controlled conditions experiments, showed that 
crustose coralline algae could have adapted extrem ely we ll through geologica l times, 
switching between a high-Mg calcite skeleton in the early Cenozoic a nd the modern oceans 
(molar Mg/Ca=5.2) and a low-Mg calcite skeleton in waters where the molar Mg/Ca ratio 
was significa ntly lower as in the Palaeozoic or the Cretaceous. 
11-3 .c The fate of coralline red algae in a changing climate 
With the increasing awareness of the significance of corall ine red algae and rhodoli th 
beds a round the world in the global carbon cycle a nd as major carbonate producers (see 
below), a major question arises on how, and to what exten t, th ey will be affected by future 
changes in ocean acidification a nd temperature. Indeed, various climate scenarios predict 
an increase in globa l ocea n temperatures of 2 to 3°C by th e end of the 21st century, in 
association with a decrease of pH (due to an elevated pCO 2) of - 0.5 pH units, compared to 
pre-industria l revo lution (mid 18th century) levels (IPCC, 2007). This in crease in ocean 
acidification (OA) may have dramatic effects on most carbonate producers around the 
world due to the reduction of the CaCO3 saturation state, thus leading to cond itions less 
favourabl e to calcification and more prone to disso lu tion (e.g. Raven et al., 2005). The less 
stab le form ofCaCO3 min eral is high-M g calcite (compared to aragonite a nd calc ite), which 
is therefore the form being the most susceptible to dissolution (e.g. Morse et a l., 2006; 
Andersson et al., 2008; Basso, 2012). As coralline red algae produce a ske leton that is 
almost exclusively co mposed of high-Mg calcite, they a re predicted to be one of the most 
vulnerable organ isms to OA (Amado-Filho et al., 2012). 
The effects of OA and warming have becom e one of the mai n foci of the latest corall ine 
red algal studies: i.e. from the response of the indivi dua l organism, to th e modification of 
the speci es biologica l cycle and the role of rhodolith beds or encrusting co ralline algae-
dominated substrates in the global ca rbon cycle (Basso, 2012). For instance, und er 
elevated temperature scenarios associa ted with a pH val ue si milar to the one predicted for 
the end of the century (-7.8; Feely et al., 2009), Anthony et a l. (2008) recorded increased 
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bleaching, productivity loss and a 50% calcification reduction for the species Hydrolithon 
onkodes typically found in the Inda-Pacific region. Similarly, in controlled-conditions, 
tropical reef mesocosms, Jakie! et al. (2008) observed a decrease of 86% of the algal cover 
on hard substrate and a 2.5 times-decrease in rhodolith calcification. Using a comparable 
experimental scenario for temperate water environments, the death percentage of 
Lithophyllum cabiochae collected in the Mediterranean increased 2 to 3 fold and the rates 
of dissolution of the dead thalli increased 3 to 4 times (Martin and Gattuso, 2009) . . 
Coralline red algal growth rates and recruitment have also been shown to be adversely 
affected by a reduction of pH ( e.g. Kuffner et al., 2008). The internal structure of rhodoliths 
may also be modified by low pH, as the presence of cracks was observed in L. glaciale 
between the cell walls (Raggazzola et al., 2012; Burdett et al., 2012), rendering the internal 
structure of the rhodoliths more fragile and more suitable for mechanical breakage such 
as caused by wave energy or boring activities. Another potential effect of elevated pCO 2 in 
the oceans (and thus, low pH) is a modification of the relative proportion of different 
metabolic processes occurring in coralline red algae. Indeed, it has been observed for 
some species that when pH decreases, calcification is generally reduced but 
photosynthesis increases concomitantly, and vice versa (Semesi et al., 2009; Martin et al., 
2012). 
Mixed responses to OA have also been also reported. Ries et al. (2009), for example, did 
not see any significant changes in the net calcification of Neogoniolithon sp. when doubling 
the seawater CO 2 concentration. Different species from tempe-rate waters also displayed 
different responses to the same stressors depending on the natural living environment 
(e.g. Martin et al., 2012). The species living in the intertidal zone and commonly subject to 
a high amplitude of pH variations on a daily basis was more resistant to a pH increase than 
other species naturally living under more stable pH conditions (Martin et al., 2012). In 
another study, it was observed that live L. glaciale rhodoliths were able to buffer most of 
the experimental pH reduction and, consequently, maintain their high-Mg calcite structure 
(Kamenos et al., 2012b). Dead rhodoliths, however, were more affected by the pH stressor, 
which materialised by an important loss of Mg from the skeleton. These authors therefore 
conclud·ed that, while alive, coralline red algae seem to have the ability to buffer against 
future pCO, enrichment (Kamenos et al., 2012b). 
Although the majority of the studies on the effects of OA and rising temperatures on the 
growth and calcification of coralline red algae worldwide suggests severe degradation, 
further research is critical. The mixed responses to stressors observed in some cases 
suggest that a role of the living component of the alga may indeed counteract the effects 
predicted by theoretical geochemistry, leading to a potential species specific ability to 
withstand elevated levels of pCO, and temperature modeled for the near future. 
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11-4 Biological features 
11-4.a Role in carbonate production 
Coralline red algae are major carbonate producers in the oceans. That characteristic is 
related to the tremendous area covered by these algae on the seafloor. Foster (2001) even 
made them one of the "Big Four" benthic communities, the most important being the 
marine macrophytes and the two others, kelp beds and forest along with seagrass 
meadows. 
From the early Palaeozoic, coralline red algae have been one of the major reef-builders 
in the global ocean (see "Geological History" section) and they are, now, sharing this 
exclusive characteristic only with scleractinian corals ( e.g. Stanley and Hardie, 1998; 
1999). 
In the tropics, coralline algae crusts and/or rhodoliths are frequently found at the 
bottom of barrier reef carbonate sequences where they play a significant role in the early 
building of the reef and its stabil ization throughout its growth and expansion. In New 
Caledonia, for instance, a thick 12.3-m rhodolith sequence was described directly above 
the bedrock and underlying the coral reef, relating the deposition of the rhodoliths to the 
early stages of the barrier reef development (Payri and Cabioch, 2004). The same 
observation has been made for the Australian Great Barrier Reef (GBR) and the Isla 
Cerralvo in Baja California, Mexico, where, respectively, Alexander et al. (2001) and 
Tierney and Johnson (2011) found rhodoliths and crustose coralline algae at the base of 
the coral reef sequence, implying a critical role of the corallin es-generated carbonate 
substrate in the settlement of the modern reefal structure. 
In modern tropical reefs ecosystems, rhodoliths and/or crustose coralline algae are 
almost always associated with coral colonies, in varying proportions according to the local 
environmental parameters, but they are always significant contributors to the primary 
and carbonate production of the reefs. From crustose corallines embedded in the reef of 
Lizard Island, Northern GBR, Australia, Chisholm (2000) measured the calcification rate of 
four representative species commonly described for the Inda-Pacific reefs. The 
experiment was conducted over a period from the end of March to Mid-July (late autumn-
early winter) 1986 on the windward slope of the reef, from O to 18 meters deep. The 
estimated averaged net carbonate budget was an increase of 1.5 to 10.3 kg CaC03. m-2.y-1 
for the slope of Lizard Island, implying an upward expansion of the reef of about 7 mm.y-1, 
considering only the contribution from coralline algae. The actual observations on the 
average expansion of worldwide reefs indicate a much slower rate of expansion ( e.g. 
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Davies, 1983). This sugges ts the inevitable presence of erodi ng factors counteracting the 
theoretical accretion induced by coralline algae. However, the study by Chisholm (2000) 
still infe rs th e predominant role of coralline algae in the edification and susta inability of 
reefs environments. Still in the tropics, Amado-Fil ho et al. (20 12) recently reported rates 
of CaCO3 production for the larges t rhodo lith bed in the world, on the Abrolh os Shelf off 
eastern Braz il. This production is estimated to be of 1.07 kg CaCO 3 m·2 y·1, with a total 
production of 0.025 Gt yr·1, which corresponds to approximately 5% of the wor ld's tota l -
carbonate banks production, making the tro pical South West Atlantic rhodolith beds 
"gigantic CaCO3 bio-factories" (Amado-Filho et a l., 2012) . 
As ide from th ei r major contribution to the accretion of tropical reefs, another critical 
input from coralline red algae into the global carbonate production comes from areas 
w here scl eractinian corals are absen t: outside the tropics. Indeed, crustose cora ll ines 
and /or rhodoliths cover huge parts of the seafloor in temperate and cold waters where 
they are the esse ntial reef-builders and on e of the most efficient carbonate-sediment 
producers. Martin et al. (2006; 2009) carried out a quantitative experiment comparable to 
the one of Chisholm (2000) in the tempera te waters of the Bay of Brest (Brittany, France). 
They reported a primary production for the rhodolith bed of 10 to 600 g C.m·2.y·1 and a 
calcification rate rangi ng from 0.3 to 3 kg CaCO 3.m·2.y· 1 according to depth and algal cover 
of th e substrate. The net accretion of the bed (taking into account calcification and 
dissolu tion) was estimated to be 500 g CaCO 3.m·2.y·1. So, even if this rhodolith bed is a 
heterogeneous system in w hich respi ration is more importan t than gross production, it is 
one of the most important carbonate produce r and plays a major role in carbon an d 
carbonate cycles of the tempera te shallow waters in the wes tern part of France. Similarly, 
in the co ld waters of northern Norway, cora ll ine red algae and rhodoliths -derived 
coralline algae fragments were described to account for 45 to 56% in we ight of the to tal 
carbonate secreting organisms (Freiwald and Henrich, 1994 ). Overa ll, the fact that 
cora ll ine algae can cover such large proportions of substrate in areas where they thr ive 
argues for the significant potentia l of these algae in the production of carbonate for 
temperate and cold waters . From an acoustic mapping survey of a part of th e carbonate 
shelf of the Gulf of Cal ifo rnia, Mexico, Hetzinge r et a l. (20 06) reported that the rh odol iths 
cover about 40% of the seafloor and a re the main carbonate producers of the surveyed 
area ( ~45 km 2) . That confirms the previous observations of Foster et al. (1997) whe re 
rhodoliths were even reported to comp letely cover the seafloor in some places of the Gulf. 
Around Australia, rhodolith beds are widely distributed around the Recherche archipelago 
and contribute to 13.7% of the 1054 km2 of substrate mapped in Goldberg's study (2006). 
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They a re a lso the main component of the seafloor from -50 to 110 m deep a round Fraser 
Is land and cover 40 to 50% of the substrate (Lund et al., 2000). 
Their ability to adapt to a wide range of environments also enables coralline algae to 
thrive in quite extreme conditions, making them the main calcifiers where other carbonate 
producer ca nnot adapt as easily. This is th e case, for example, in some relatively deep 
waters where Littler et al. (1991) observed 17.4% of rhodolith cover on the descending 
slope of the San Salvador Sea Mount, at a water depth of more than 91 m down to 290 m. 
On the platform of the sea mount, rhodoliths represent a 95.8% of covering and contribute 
to an es timated 391 tons of organic carbon per year to deep sea productivity (Littler et al., 
199 1). Another exa mple would be for pola r regions where corallines are the most 
important organisms that produce carbonate, particula rly on hard substrates (Adey and 
MacIntyre, 1973). Living crustose corallin e algae have eve n been reported to grow under a 
2.5 m-thick sea-ice layer in Antarctica. There, they cover from 4 to 60% of the substrate, 
and on hard bottoms (i.e. rocks), 47 to 97% is covered (Schwarz et a l., 2005). 
Hen ce, we can assess the major contribution of coralline a lgae to the global ocea nic 
carbonate production and their invaluable role as main reef-builders in the wide a reas 
they cover in the tropica l zones, as well as from the mid-latitude, temperate waters to the 
cold waters of the pola r regions. 
11-4.b Morphology 
Similar morphologica l patterns exist between modern genera of encrusting coralline 
algae across the oceans, large ly due to a common and parallel evolution of all the taxa 
from the Cenozoic period (Adey and MacIntyre, 1973). Moreover, it appea rs that the 
morphology of coralline a lgae is not necessa rily controlled by the taxonomy but, often, it is 
thought that the environment, the biology and/or the ecology of individua ls play an 
essentia l ro le on which form the algae will develop into ( e.g. Bosence, 1983b; Foster, 
2001). 
Typ ica ll y, coralline a lgae are distinguished between three extreme morphologies, 
w hich relate to the properties of the crust, whether it is thin, thi ck or branched (Steneck, 
1986; Figure 11-4). A crust is generally considered as thin when the thallus does not exceed 
0.5 mm. Over that commonly accepted value, a co ralline alga will be described as growing 
a thick crust. On another aspect, crustose corallines are differentiated according to their 
"degree of adherence" to a substrate (Sten eck, 1986), ranging from totally encrusted on a 
substrate, through partially fi xed and presenting a leafy characteristic, to being completely 
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free-living nodules that are called rhodoliths. Obviously, intermediate shapes and 
characteristics between these extremes are very common as morphologies are strongly 
influenced by environmental and ecological parameters. However, despite the fact that 
some genera could potentially adopt each of these growth forms depending on the 
conditions they live in, some others seem to avoid one or the other, preferring certain 
specific morphologies. For example, the genus Mesophyllum has never been reported as 
forming rhodoliths and is exclusively growing as crusts over hard substrates. On the same 
principle, Pseudo/ithophyllum will only be observed as crusts and, moreover, Leptophytum 
and Titanoderma usually avoid growing thick or branched crusts. The genus 
Clathromorphum displays, most of the time, a thick and unbranched thallus whereas 
Lithothamnion is almost always a branched coralline (Steneck, 1986). 
~~ 
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Figure 114: Various morphological aspects of coralline red algae. The schemes represent the end points of 
morphological types but all the different combinations between these end points can be observed 
in the environment (Figure 3 in Steneck, 1986) 
For the crustose coralline algae forming rhodoliths, another morphological 
classification can be applied to describe the different growth forms (Figure 11-5). Bosence 
(1983a) presented a descriptive classification of rhodoliths with three levels of 
morphological criteria. This classification can be applied to every encountered specimen, 
living or fossil, and is commonly employed in the literature (e.g. Basso et al., 2009). It is 
based on four main features that can be determined in every rhodolith: 
(1 J The specificity: if a rhodolith consists of a single species throughout its growth and 
formation, it will be characterized as "monospecific". If a succession of species 
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appears in a single rhodolith, marked by transitions in the growth pattern, then 
the rhodolith will be qualified as "multispecific". 
(2) The size: the size of a rhodolith should ideally be measured through its long (L), 
intermediate (I) and short (SJ axes. Then, it should be reported, either as the 
"arithmetic mean diameter" length, as proposed by Bosellini and Ginsburg 
(1971); or as the volume of an ellipsoid (-JLIS/4TI) as used by Bosence (1976). 
Sizes of rhodolith nodules range from a few centimetres to about 15 cm in 
diameter (Littler et al., 1991). 
(3) The shape: according to the relative length of their 3 axes, rhodoliths can be classified 
in three distinct types of shapes: spheroidal, ellipsoidal or discoidal. Bosence 
(1983b) observed that the shape of rhodoliths might be related to the kind of 
substrate they grow onto. Indeed, among a rhodolith bed in Mannin Bay, Ireland, 
this author noticed that a majority of discoidal shapes were found living on sandy 
substrate, whereas the spheroidal and ellipsoidal ones appeared to be more 
present on the coarse, open-algal gravels areas. An explanation for this apparent 
discrepancy may reside in the fact that sandy substrates provide an even surface 
where only upward and sideways growths are possible. And as a discoidal shape 
favours frequent overturning, the upward growth is greatly limited; hence, the 
sides of the nodules are more developed (Bosence, 1983b). The coarse open-algal 
gravels, as well as relating to a different environment of energy, represent a 
rougher surface that might explain the more "evenly" shaped ellipsoidal and 
spheroidal forms. 
( 4) The structure: the structure of a rhodolith describes the visual, internal or external, 
aspect of the growth form and how the calcareous skeleton appears during the 
expansion of the nodule. In this respect, the morphology of a rhodolith can be 
classified as either laminar, columnar or branching. Laminar rhodoliths are 
nodules made from a succession of thin crusts, growing over one another. This 
type of morphology is typical when several phases of growth are observed within 
the same individual. It indicates periods of cessation of growth and later re-
colonisation by coralline algal crusts overgrowing the previous ones. The result 
of this growth-pattern is generally the presence of thin concentric crusts 
separated by distinct discontinuities. This is the most common morphology for 
"multispecific" rhodoliths. Rhodoliths described as foliaceous, presenting a leafy 
pattern, constitute an alternative to this concentrically-growing behaviour, 
however, they are also considered as laminar forms (Bosence, 1983a). 
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A rhodolith is qualified as columnar when its crust presents little protuberances on the 
surface that resemble short "hummocks" arising from the crust. These columns are 
generally as high as they are wide (usually in the order of one centimetre) so they cannot 
be pictured as proper branches. The internal structure of a column generally represents 
continuous growth layers that, occasionally, display the reproductive structures 
( =conceptacles) of the algae. 
a b 
2 cm 
C 
d 10 cm e 
Figure 11-5: An illustration of the different sizes and shapes that rhodoliths can display. Rhodoliths are from 
various locations around the world. Photography credits: a. M.D Castets; b. Kamenos et al. , 2008; 
c-d. N. Darrenougue; e. P. De Deckker; f. M. Guiry. 
Branching rhodoliths show continuous growth of their thallus into long and thin 
multiple patterns, from a common renter of growth, generally represented by the nucleus. 
Hence, in most cases, the presence of branches in a rhodolith is synonymous with a 
monospe~ific individual. Single branches usually present a succession of growth 
increments that can be determined as annual to sub-annual bands (e.g. Foster, 2001). A 
further distinction can be made within the branched rhodoliths according to the density of 
their branch pattern. Four degrees are established to describe the level of branch density 
that a nodule possesses: I represents a single branch; II, few branches; III, frequent 
branches, and the fourth degree (IV) is used for rhodoliths with very dense and inter-
grown branches. A single rhodolith species can adopt each of the four degree of branching 
depending on its growing environment ( e.g. Bosence, 1976). Indeed, water motion is the 
primary factor that appears to control the density of the branches: heavily branched 
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rhodoliths are the most common in the highest energy environments, whereas open-
branched nodules are characteristics of moderate- to low-energy sites. This observation is 
rather contradictory as, physica lly, the rhodoliths with the more branches offer more 
resistance to the fluid and, hence, are subject to more instability and overturning than 
their counterparts with less branches. Bose nce (1983b) explain s this by the fact that a 
frequent overturning leads to the growth of lateral branches that allow individua l 
branches to link together, thus, strengthening the thallus . It appears, then, that the strong 
energy resu lting from the high water motion helps the rhodoliths to possess in ter-grown 
branches, which will, ultimately, make their thallus stronger and more resistant to the 
currents that the less densely branched structures (Bosence, 1983b ). 
It may appear that environmental parameters have a role to play in the morphology of 
the coralline algae crusts and nodules. However, in some cases, different morpho logies co -
exist in the same environment. Goldberg (2006), for instance, reported laminar (fruticose) 
and columnar structures mixed in the same rhodolith bed in Western Australia. The same 
kind of information was obtained from another bed in Southern Australia where fruticose 
and branched rhodoliths co-exist in the same restricted bed (Harvey and Bird, 2008) ; as 
well as for the Ricaudy Reef in New Caledonia (personal observation) where, in a 
moderate water-motion region, branching and columnar rhodoliths of different sizes 
(from -3 to 10 cm in diameter) are found, living together. Adey and MacIntyre (1973) also 
warned about systematically ass ociating morphologies of coralline algae nodules with 
energy conditions, beyond the assumption that massive rhodoliths are likely to have lived 
in a high-energy situation. As for sizes, it has been demonstrated that the shape of small 
rhodoliths are more often dictated by the shape of the nucleus they grow around, rather 
than by externa l conditions (Basso et al., 2009). 
Concerning the specificity of a single species to grow under a specific form, even if it 
has been reported that, on a large spatial scale, one species could adopt many different 
morphologies, it seems, however, that at the local scale (i.e. one rhodolith bed), a single 
species is often found under a unique growth form and/or size-range that permits to link, 
a priori, a typical morphology to a typical species. 
11-4.c Calcification and growth patterns 
Marine calcareous algae usually precipitate the aragonite form of CaCO3. Calcite is 
commonly a freshwater algae characteristic. Coralline red algae (Rhodophyta) and 
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coccolithophorids (Prymnesiophyta=Haptophyta - Coccolithophoraceae) are the only two 
exceptions that precipitate calcite in marine environm ents (Bilan and Usov, 2001). 
The precipitation of calcium carbonate by calcareo us algae is thought to have different 
functions. (1) During photosynthes is, a considerable amount of HCO 3· is taken from the 
environment a nd produces OH · ions in excess within the a lga (a) . The calcification process 
helps neutralise the excess of these OH- ions by precipitating CaCO3 and produ cing 
hydrogen positive ion (b), which will combine with OH- a nions to form water (c) . 
(a) HC03· ~ CO2 + OH· 
(b) Ca2+ + HCO3- ~ CaCO3 + H+ 
(photosynthesis) 
(calcification) 
(c) Ca2•+ 2HCO3- ~ CO2+ CaCO3 + H2O 
(2) The precipitation of CaCO3 provides protection for the algae, enab lin g them to avoid 
being eaten by fish and/or invertebrates as well as offering mechani cal resistance against 
physically-damaging factors such as wave action and strong curren ts (Bilan and Usov, 
2001). 
Coralline red algae calcification usually occurs during daylight as demonstrated by 
Chisholm (2000) in the Great Barri er Reef, Austra li a. At night, a di sso lution pattern can 
occur, due to the acidification of the alga l tissues caused by respi:ation. 
On a seasonal timescale, th e carbonate production is generally higher during the 
spri ng/summer months with poorly calcified but large cells being generated w hereas, 
during winter, sma ll but more heavily ca lcified cells are observed (M oberly, 1968). This 
contrast in size a nd density of the cells between summer a nd winter pe riods is responsible 
for the presence of well-defined growth increments forming a characteristic seasona l 
ba nding along the a lga main axis of growth (e.g. Fos ter, 2001; Halfar et a l., 2008; Kamenos 
et al., 2008). It also has been observed that, in addition to the seasonal banding presented 
by the coralline red algae, higher freq uency banding may occur (Halfar et a l., 2000; Foster, 
2001); the first order of banding being usually a si ngle row of cells. Between this first 
order banding and the seasonal ba nding, there could be two or three orders, including 
monthly- or weekly-formed band s (Adey, 1965; Moberly, 1968) . 
In a lot of crustose coralline algae species; the annual growth bands (pairs of large a nd 
less calcified summer cells and sma ll a nd dense winter ce lls) can also be determined by 
the presence of unca lcified cavities aligned along the growth axis a nd ca lled conceptacles. 
The conceptacles host the sporangial and gametangial, reproductive structures of th e alga. 
For the group C/athromorphum, in which they are eas ily identifiable (e.g. Lebednik, 1977; 
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Hetzinger et al., 2009 with C. nereostratum and Halfar et al., 2008 with C. compactum), they 
are thought to form during the fall/winter months by a decalcification of the previous 
summer-grown cells (Adey, 1965). As the alga continues to grow throughout the next 
spring/summer season, these 'holes' in the calcite skeleton are overgrown by newly 
deposited calcite layers leaving, each year, evidence of a hiatus during the alga growth, 
defined as staining lines (Hetzinger et al., 2009). These hiatuses, however, do not appear 
all along the growth bands: Lebednik (1977) estimated them to occupy approximately 
65% of the annual increment. They can, therefore, be avo ided during analysis, if a 
comprehensive growth record is needed (e.g. Hetzinger et al, 2009, 2011). In some 
coralline algae species though, the conceptacles are not eas ily visible or absent as they can 
be buried, or their roof can be abraded and the cavity filled. In those cases, the 
determination of the annual cycles has to rely on the observation of the growth bands of 
different densities ( e.g. Lithothamnion glaciale - Kamenos et al., 2008, Sporolithon durum -
this study). 
Concerning the processes of calcification at a cellular level, in marine calcareous algae, 
they typica lly occur in the organic matrix ( usually the upper layer of cells which 
corresponds to the living tissue). According to the a lgal groups, three different types of 
calcification can be distinguished: 
Extra and intercellular calcification; 
Calcification of cell walls; 
Intracellular calcification. 
The green algae Halimeda and the coccolithophorids are the most studied 
representatives of two opposite types of calcium carbonate precipitation: the calcification 
process of the genus Halimeda takes place between the cells, making it a particular case of 
extracellular calcification. This type of CaC03 precipitation implies very little or no 
influence of organic molecules in the calcification process. However, some polyanions of a 
polysaccharide nature, present in several species of Halimeda , had been found to be ab le 
to bind Ca2• ions due to the presence of anionic groups in their molecules (Borowitzka and 
Larkum, 1976). This suggests that these polysaccharides might play a role in the 
calcification process. On the other hand, it also had been found that these organic 
molecules tend to form before the actual formation of CaC03 crysta ls (Nakahara and 
Bevelander, 1978). These findings argue towards a passive process of crystallisation in the 
Halimeda green algae which is more likely to be driven by the increase of pH during 
photosynthesis (De Bee r and Larkum, 2001). 
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The calcification of coccoliths (calcareous scales forming a 'crust' at the surface of the 
coccolithophorids' surface) is much more complex as it takes place within the algal cells. 
The coccoliths are formed inside the cells in special vesicles where polysaccharide 
molecules play a major role in the fixation of Ca 2• cations, as well as in their transportation 
towards organic preforms of coccoliths where the mineralisation process begins (Bilan 
and Usov, 2001). Afterwards, mature coccoliths are brought outside the vesicles and make 
their way inside the cell to reach the outside and form the calcitic 'coccosphere'. During 
this complex process, organic influence on the final crystallisation form of the coccoliths 
cannot be ignored, as the polysaccharides are even thought to regulate the shape of the 
calcitic crystal (Henriksen et al., 2004). Therefore, there is no doubt about a significant 
'vital effect' during the calcification of these unicellular a lgae. 
The coralline red a lgae, as a group (Rhodophyta), are situated in between the Halim eda 
and the coccolithophorids when considering the calcification process. Indeed, the calcium 
carbonate is not formed outside, nor within the living cell, but within the cell wa lls 
(Chisholm, 2003). There, photosynthes is creates an organic environment in which the 
calcite crystals are deposited. It was observed that a unique type of polysaccharide is 
present inside the cell walls and that, at the beginning of the mineralisation process, 
calcium carbonate crystals are situated along these fibril-forming polysaccharides, 
tangentially to the cell membrane (Bilan and Usov, 2001). The authors therefore suggest 
that there is a likely relationship between these polysaccharide -fibrils and the deposition 
of calcite within the cell walls. 
Furthermore, the peculiar polysaccharides that coralline red algae possess are 
exclusive to th eir group and radically different from the ones of the other groups of red 
algae that are non calcareous. It is then proposed that this special feature is directly 
related to the calcification process in coralline algae (Bilan and Usov, 2001). Another study 
has also enlightened the fact that these polymers could be responsible for favouring the 
formation of magnesium calcite over aragonite, as they seem to inhibit growth of newly-
formed aragonite nuclei (Wada et al., 1993). They could, then, be able to transform into 
more stable calcite crystals. This might explain the si ngula rity of the coralline red a lgae in 
forming magn esium calcite in the oceans whereas all the other calcareous algal groups 
(except coccolithophorids) form aragonite. This specificity of coralline red algae to secrete 
calcite in an environment where aragonite is the most stable form of calcium carbonate 
has also been observed by (Ries, 2009) in an experimental study: coralline algae were 
grown in several experimental seawaters where the molar Mg/Ca ratios (mMg/Ca) varied. 
For a ratio of 7.0, abiotic precipitation tends to form aragoni te (Hardie, 1996). For this 
mMg/Ca ratio, Ries (2006; 2009) found that corallin e red algae would still form a high-Mg 
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calcite, suggesting that the alga plays an active role in the mineralisation of calcium 
carbonate into calcitic polymorphs. 
Bilan and Usov (2001) have also found other unusual polymers within the cell walls of 
the majority of coralline algae that could participate in the formation of calcite: alginic 
acids. It is noteworthy that these polymers are known to be specific components of the ce ll 
walls of brown seaweeds and are unknown to be synthetised by any other plants but only 
some specific bacteria. The significant characteristic of these alginic acids is that they 
potentially have a high affinity to bivalent cations (including Ca2• ). This fact could 
engender alginates possibly be implicated in the calcification process of corallin e algae. 
However, among all the genera of brown algae (for which alginic acids are a specification), 
only one, Padina, secretes calcium carbonate under an aragonitic form and the type of 
calcification is extracellular (Bilan and Usov, 2001) . So, the role of alginates in the 
precipitation of calcite in coralline algae might have to be reconsidered. 
In summary, the Ca 2+ binding potential of the po lysaccharides may need to be taken 
into account to explain the biomin eralisation of coralline red algae. This characteristic 
could, for example, justify the slight differences recorded in the fractionation of bivalent 
cations between a biotic calci te and coralline algae (e.g. Ries, 2006) . However, it is thought 
that the 'vital effect' on the calcification of these organ isms re mains relatively small, 
therefore making the calcareous skeleton of corallin e red algae, a reflection of its 
surrounding environment (see the "Geochemistry" section - e.g. Halfar et al., 2000; Ries, 
2006; 2009; Kamenos et al., 2008; 2009; Hetzinger et al., 2009). 
11-4.d Succession of species in the same organism 
Rhodoliths are frequently monospecific and continuously growing (i.e. the same 
species forms the entire nodule, without obvious cessation of growth through time - e.g. 
Halfar et al., 2000; Goldberg and Heine, 2008; Harvey and Bird, 2008) . However, they also 
can present discontinuities in their growth pattern, arguing for a stop in the activity of the 
alga for a certain period of time (e.g. Littler et al., 1991; Lund et al., 2000; Basso et a l. 2009; 
Figueiredo et al., 2012). This cessation of production from the coralline algae can have 
different causes. The most common in the case of rhodoliths is burial of the nodule by 
sediment for quite sometime, generally more than a few months (Figueiredo et al., 2009). 
As rhodoliths need an enviro nment with reason ab le water motion to develop, that 
characteristic can also, at times, play against them as the current can roll the ball-l ike 
organisms to an unsuitable area where they wi ll sink into the soft sedim ent, or simply be 
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covered by the sediment ( often sand) transported in the water flow (Littler et al., 1991; 
Goldberg, 2006). Another reason for stopping the algae's activity can be a drop in 
seawater temperature, going under the optimal temperature range for a specific species to 
continue growing. Coralline red algae living in high latitudes are the most favourable 
subjects for this type of growth cessation (e.g. Halfar et al., 2007). In polar regions as well, 
light can play a major role in stopping the productivity of calcareous algae. Either because 
of an over exposition or a lack of light, coralline algae can stop developing at some stage of 
their growth (see Schwarz et al., 2005). 
After a cessation of growth long enough to lead to the death of the algae (in the case of 
burial into the sediment, this period can go from a few years to several thousands of years 
(Littler et al. 1991), a climatic (or other) event can make the rhodoliths or the crusts re-
appear to the surface or back to acceptable conditions so they can be re-colonised by other 
coralline algae. The re-colonisation can come from the same species of coralline or from a 
new species. Frequently, interruptions of growth in a rhodolith are quite easily 
distinguishable and are characterised by thin layers of a darker colour (Littler et al., 1991; 
Lund et al., 2000; Basso et al., 2009), thin sandy layers or empty spaces (personnal 
observation), but sometimes, especially in the case of the same species re-colonising, these 
successions of growth phases are more ambiguous (see Goldberg, 2006). Regarding the 
succession of species or genera in a single rhodolith, two hypotheses are envisaged. The 
first one tends to state that different species are most favourab le in settling over different 
sizes of substrate. Adey and MacIntyre (1973) suggested that a change in the dominant 
species of coralline red algae reflects the difference in the potential of these species to 
colonise a more stable or unstable substrate. For instance, these authors observed that 
very thin and rapidly growing crustose species of the genus Fosliella are the most frequent 
dominant species on bare pebbles or at the start of a rhodolith sequence, when the 
substrate is very unstable. Then, by the time the nodule gets bigger and more stable, other 
species, mostly branching, from different genera such as Lithothamnion or Neogoniolithon, 
will take over and be the domin ant rhodolith-formers. This theory is supported by the 
study of Steneck (1986), who suggested that the global pattern of succession in corallines 
over time is a replacement of the thinner, unbranched crusts by thicker and/or branched 
specimens. 
On the other hand, a question about secular environmental changes being responsible 
for the changes in coralline species remains. As different species/genera have different 
abilities to thrive in va riable environments, this could play a significant role in the 
succession of species along the same rhodolith. This argument has been raised, for 
example by Basso et al. (2009) where 40% of the rhodoli ths from New Zealand these 
authors observed, presented clear transitions between several distinct periods of growth. 
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The large majority of the specimens, though, does not show a change in species as the 
nodule grew, meaning that an increase in size does not necessarily involve the onset of a 
succession of species if the environmenta l conditions remain the same. 
In any case, more work is needed on the variation of corall ine algae species along the 
same rhodolith to be ab le to determine whether it is a result of environmental changes, 
change in the size of the nodule or a combination of both of these factors. Concerning the 
latter, it is interesting to note that Basso et al. (2009) did find some of their specimens that 
had preserved their original, internal, th in crust from the genus Lithophyllum, and then, 
showed a transition to a branching species of Sporolithon. 
11-5 Geochemistry 
Ever since scientists became interested in a better understanding of the mode of 
growth and calcification or the elemental composition of the coralline red algae, 
geochemical studies became an essential tool to push the investigations further. However, 
in comparison with the number of papers published on the ecology, taxonomy or colony 
description, very few projects involving chemistry appeared in the literature. 
Nevertheless, with advances in the technologies, th e recent years have seen a bloom of 
successful geochemical interests in coralline algae. Geochemical studies particularly 
involve radiocarbon dating, which considerably helped with age estimations of 
individuals. Invaluable information on the growth rates of these organisms has also been 
obtained from this technique. Very recently, age determination of coralline algae using 
uranium-series methods has also been tested. Other studies focused on exploring how the 
geochemistry of the coralline skeleton could provide us with new insights into their 
surrounding environment and, in particular, seawater temperature or ocean circulation. 
These studies generally involve the measurement of the isotopic composition of oxygen 
(1\ lBQ) or the proportion of trace elements incorporated into the carbonate skeleton of the 
algae during their growth. Most of these projects greatly benefited from recent advances 
in the techniques that were successful ly carried out. 
11-5.a Age determination and growth rate 
Several studies used radiocarbon dating in order to determine the age of rhodoliths or 
corallin e red algae crusts and deduce the growth rate of individuals. All of these studies 
chose the Accelerator Mass Spectrometry (AMS) as the preferred technique to obtain their 
data. Littler et al. (1991), among others, found that modern rhodoliths from the San 
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Salvador seamount, Bahamas, had ages much older than expected (112-880 years old). 
These authors also reported quite a big gap between the outermost layers of the nodules 
a nd the central layers ranging from 625 to 1295 years old. This confirm ed the hypothes is, 
already made by visual observations, that hiatuses exist in the growth pattern of the 
organisms in the area. Indeed, the large age differences between different sections of the 
rhodoliths suggest a cessation of growth during a burial period and a re-colonisation when 
the nodules re-appeared at the surface (Littler et al., 1991). The same conclusions were 
reached by Goldberg (2006), also based on 14C dates carried out on rhodoliths from 
Esperance Bay, Western Australia. The outer layers gave a modern age whereas the inn er 
ones could be as old as AD 1050. These differences between the two ranges of age could 
not be explained by a continuous growth at the average 0.4 mm.y-1 growth rate proposed 
by Foster (2001). Hence, these rhodoliths have bee n interpreted as one (or multiple) 
pe riod(s) of burial and re-exposure of the rhodoliths through time (Goldberg, 2006). 
With the help of radiocarbon dating, Frantz et al. (2000; 2005), on the other hand, 
proved that rhodoliths and coralline red algae crusts can be growing continuously and, 
therefore, that 14C dates can represe nt a great tool in the determination of growth rates. 
From a modern speci men of Lithothamnion crassiuscu/um from the southern Gulf of 
California, Mexico, Frantz et al. (2000) analysed 52 samples along a -5 cm-long transect, 
the samples being taken at 1 mm interval. The results showed pre-bomb and post-bomb 
L'> 14C levels and an abrupt change in the values in between, which ena bled them to 
calibrate their dates and calculate an ave rage growth rate of 0.6 ±0 .1 mm.y-1 for the 
rhodolith (Frantz et al., 2000) . The same technique was used to determin e the growth rate 
and age of a modern Clathromorphum nereostratum crust from the Aleutian Islands 
(Frantz et al., 2005). The L'>14C values were correlated to the 'Atom bomb peak' in the 
atmosphere, then an age of 61-75 years old and a growth rate of 0.30 mm.y-1 could have 
been deduced (Fran tz et al., 2005). 
Another dating method involving the uranium (U) and thorium (Th) series was tested 
on coralline red algae. Halfar et al. (2007) used a Multi Collector Indu ctively Coupled 
Plasma Mass Spectrometer (MC-ICP-MS) to obtain two U/Th dates for one of their 
coralline algal species C. nereostratum. The two dates of 99 ±21 and 34 ±16 years old 
matched exactly their growth band counting (Hal far et al., 2007), confirming (1) that the 
individual grew continuously over its lifespan and (2) that the U/Th dating seems to be a 
reliable tool to estimate the age of a coralline red algae. In the same study, a specimen of C. 
nereostratum was also successfully U/Th-dated at 850 ±28 yea rs cal BP (Halfar et al., 
2007), 
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The only other study dealing with coralline U / Th dating used Thermal Ionisation Mass 
Spectrometry (TIMS) and seems to be in contradiction with the optimistic findings of 
Halfar et al. (2007). Linge et al. (2008) were interested in dating much older coralline red 
algae as well as recent ones to better constrain the initial U/Th conditions to evaluate the 
foss il results. Their findings suggest rejecting every date obtained by the U-Th methods as 
both recent and fossil samples present signs of open-sys tem conditions (Linge et al., 
2008) . The activity ratio of modern samples was too va riable to lead to reliable dates and, 
for the fossil samples, the concentrations of uranium and thorium as well as the activity 
ratio increased along with the stratigraphy, suggesting a post-mortem uranium and 
thorium enrichment. Hence, when comparing U/Th ages with the stratigraphy 
(ind ependently dated), some sa mples showed older ages, suggesting an enrichment of 
uranium through open-system condition phases; but most of the analysed samples 
revealed younger ages than expected, implying a significant uptake of thorium in the 
system that is not fully understood (Linge et a l., 2008). In any case, these authors imply 
that the use of U /Th dating for fossil coralline algae does not seem to be reliable. 
However, concerning th e variability of the uranium activity in recent samples, there is a 
need to measure the activity ra tio of seawater to assess if there is a real disequilibrium 
between the samp le and the surrounding seawater, which has not been done in th e study. 
If th ere is disequilibrium, then the measurement for the recent samples made by Linge et 
a l. (200 8) could be, in fact, considered as reliable. Also, considering the fact that TIMS 
technique was used for this study and the meas urements of U and Th were usually very 
close to the detection limit (Linge et al., 2008), it is likely that this technique might not 
have the required sensitivity to measure such small quantities of materia l, leading to a 
potential very important contamination factor in the outcomes of the ana lys is. The use of a 
MC-ICP-MS, which could lead to precision of measurements 5 times higher than the TIMS 
(Fietzke et al., 2005), could compensate for this potential source of error and might allow 
fo r accurate dating us ing the U- Th-series method as illustrated in Halfa r et al. (2007). 
11-5.b Coralline red algal skeleton geochemistry as an archive of the 
environment 
11-5.b. 1 Magnesium variations as a proxy for seawater temperature 
Chave (1954) was the first to publish informati on on the re lation between the 
proportion of magnesi um (Mg) present in calcareous algae and their environment. In his 
investigations, us ing X-Ray and wet chemistry techniques to gain insights into the 
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biochemistry of Mg in marine organisms, he noticed that, as for most other organisms ( e.g. 
corals, foraminifera, ostracods ), calcareous algae show a positive correlation between 
their magnesium carbonate (MgCO3) content and the surrounding seawater temperature. 
This relationship between Mg and temperature was, however, stated as "less perfect" than 
in the other groups studied (Chave, 1954 ). A proposed explanation was the wider variety 
in taxonomy presented by calcareous algae compared to the other groups. Indeed, Chave 
(1954) conducted his experiments on very different types of algae, from the articulated 
genus Amphiroa, to the crustose Lithothamnion. He, therefore, based his observations on a 
wide range of fami lies and genera and concluded that the study of one particular family or 
genus is most likely to give a much better correlation between the Mg(O3 content and the 
water temperature (Chave, 1954). 
One had to wait more than ten years for the publication of another study involving the 
Mg geochemistry of coralline algae (Chave and Wheeler, 1965). This time, the authors 
focused on a single organism of the cold-water species Clathromorphum compactum. X-
Ray diffraction analyses along the growth axis show significant changes (>40%) in the Mg 
composition of the skeleton during the growth of the alga. These variations were related 
to annual cycles and assumed to be a consequence of the temperature variations at the site 
of study (Chave and Wheeler 1965). The annual cycles displayed by the changes in MgCO3 
were also used to estimate the average growth rate of the individual to -500 µm.y·1. 
Pointing to a similar direction, Moberly (1968), used electron microprobe analyses to 
show that the Mg content of coralline algal skeleton may not only reflect temperature, but 
also growth changes of the algae. 
Despite these encouraging findings on the geochemistry of coralline algae as a potential 
proxy for environmental reconstructions, no significant study in this area was published 
until advances in analytica l technologies permitted great improvements in sampling 
resolution and rapidity of analysis, some 25 years later. Halfar et al. (2000) used an 
electron microprobe to obtain a rapid, high-resolution record of the Mg variations along 
two rhodolith transects, respectively from a subtropical and a subarctic location. The 
Mg(O3 signals show, in both cases, well-defined cyclic patterns that the authors attributed 
to the an nual variations of temperature at the sites of study. The signals also presented 
second order cycles that were interpreted as being sub-annual (Halfar et al., 2000). The 
good correlation they found between the an nual extreme peaks of MgCO 3 (mo!%) and the 
extreme temperatures enabled them to publish the first MgCO3-temperature calibration 
equations. The relationship between temperature (T) and, respectively, subtropical and 
subarctic rhodoliths MgCO3 content was expressed as follow: 
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T = 1.15 MgCO3 (mo!%)+ 8.15 
MgCO, values range from 13.2 to 22.5 mo!%; 
T = 0.98 MgCO 3 (mo!%) - 7.90 
MgCO 3 values range from 7.7 to 18.5 mo!%. 
(subtropical) 
(subarctic) 
These correlations lead to a variation factor of -1 mo!% MgCO 3.°C-1 for both 
subtropical and subarctic samples. However, temperature reconstructions showed lower 
amplitude of variations as well as small offsets, relative to the measured temperature. This 
tends to suggest that other factors (such as a "vital effect") may play a role in Mg 
incorporation in coralline red algae (Halfar et al., 2000). 
The latter study by Halfar et al. (2000) and its promising results marked the "new 
beginning" of the geochemistry of coralline algae envisaged as an environmental tracer 
and, particularly, of the use of the Mg content in the skeleton of the algae as a proxy for 
temperature reconstructions. Halfar's team contin ued on the investigations on these 
potential high-resolution archives of extra-tropical climate and came up with another 
study on a Northern Pacific, subarctic, encrusting corall ine a lgae in which the robustness 
of the Mg/Ca proxy was assessed by significantly correlated variations of the Mg/Ca 
signals measured in two organisms of the same species at sites several hundreds of 
kilometres apart (Hetzinger et al., 2009). In this project, the electron microprobe was used 
to measure the Mg/Ca ratio along a few-centimetres-long section of the crustose coralline 
red alga at a resolution of -15 samples per year. Both signals showed pronounced annual 
cycles in the Mg/Ca ratio that were related to the regional Sea Surface Temperature (SST) 
variations of the late spring - late fall period. For C. nereostratum from the Amchitka 
Islands, this relationship was expressed as: 
SST= 0.266 MgCO, (mo!%)+ 8.788 (r=0.50; n=792) 
For this region, and that species, it thus seems that the variation factor between the 
MgCO 3 (mo!%) and the SST is about 4 times smaller than th e one reported by Halfar et al. 
(2000) . However, when compared to a more local SST for a period of 7 years, the variation 
factor approaches th e 1 mo!% MgCO3.°C-1 previously observed (Halfar et al., 2000). The 
range of changes displayed by the Mg/Ca ratio (molar) is 0.096 and fluctuates from 0.084 
to 0.180, which correspond to a 7.76 mo!% MgCO 3 variation, from 6.02 to 13.78 mo!% 
MgCO 3, in agreement with previous records of subarctic coralline algae (Chave and 
Wheeler, 1965, Hal far et al., 2000). 
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At the same tim e, in Scotland, a nother team of researchers grew an interest in the 
potential outcomes that the climate reconstructions derived from coralline algae could 
allow. Kamenos et al. (2008) subsequently published the results of a monitoring 
experiment carried out on a L. glaciale and a P. calcareum species from Scotland. This 
comprehensive study aimed at ca librating MgCO3 (along with SrCO3) va riations against 
SST and in situ temperatures (1ST) using both electron and ion microprobe techniques. 
Kamenos et al. (2008)'s results show excellent correlations between the Mg/Ca (and 
MgCO3) geochemical proxy and both !ST and SST, further confirming the major 
temperature control over the Mg va riations in the coralline algae skeleton. MgCO3 (mo!%) 
ranges from 12.9 to 24.6 in L. glaciale a nd from 14.7 to 23.8 for P. ca/careum. This range of 
va lu es, while sti ll in agreemen t with previously published ranges, presents higher 
amplitudes than the ones determined by Halfar et al. (2000) and Hetzinger et al. (2009) 
that were attributed to a higher resolution of sampling, resu lting in a better recording of 
the extreme va lues (Kamenos et a l. 2008). On the same principle, the lin ear factor relating 
SST (and 1ST) to the MgCO3 content is higher than the -1 MgCO3 (molo/o) .°C 1 reported 
before. Kamenos et al. (2008) found a factor of 1.27 (for 1ST) and 1.76 (for SST) MgCO3 
(molo/o) .0 c-1 for L. glaciale and 1.19 MgCO3 (mol o/o) .°C·1 for P. ca/careum, on ly compared 
with SST. The authors also suggested the higher sampling reso lution as the explanation for 
these discrepancies regarding the previously published factors of variation. 
Pushing further the assessment that the Mg incorporation in the coralline skeleton is 
primarily a function of temperature, Kamenos et al. (2009) investigated the location of the 
Mg atoms within the calcareous structure of their two previously studied rhodoli ths of the 
species L. glaciate and P. ca/careum (see Kamenos et al., 2008). The use of Synchrotron Mg-
X-ray Absorbance Near Edge Structure (XANES) a ll owed them to state that Mg atoms are, 
indeed, incorporated directly into the calc ite lattice, a ll year round and in the w hole 
thallus areas. Moreover, no contamination by organic sources nor diagenetic process or 
post-mortem enrichment has been detected, either for modern or sub-fossil samples 
(Kamenos et al., 2009). This further confirms that Mg variation within the skeleton of 
coralline red algae is a robust palaeo-temperature proxy. 
Most recently, Gamboa et al. (2010) a nd Hetzinger et al. (2011) used laser ablation 
ICPMS to obtain high-resolution Mg/Ca va riation profiles along transects of coralline red 
algal crusts both from a previously studied specimen C. nereostratum from the Amchitka 
Islands in the North Pacific and from C. compactum from Newfoundland in the North 
Atlantic. Results of their studies essentially confirmed the ability of the Mg/Ca proxy to 
reliably record seawater temperatures va riations in the high latitudes of the Northern 
Hemisphere. 
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Most of the studies on the variations of the Mg content in coralline algae therefore 
suggest a quas i-exclusive relationship with the surrounding temperatures. However, Ries 
(2006) conducted a long-scale experim ent on the determination of the contribution from 
the Mg/Ca ratio of the seawater (Mg/Ca,w) to the Mg/Ca ratio in the algae. The results 
show a strong correlation between the two parameters, implying that the Mg/Ca,w must 
be taken into account in the calculation of Mg-derived temperatures. The author proposed 
the following relationship: 
Mg/Ca= 0.0134 e0.04S7 T. Mg/Ca,w101 
It is interesting to note the exponential relationship proposed here, instead of the most 
commonly used linear link between Mg/Ca and temperature. Also noteworthy is the fact 
that Ries (2006) observed that the correlation does not change with the absolute Mg or Ca 
concentration in the seawater but only with the Mg/Ca ratio. It appears that the Mg 
fractionation in the algae is quasi-similar to the one for abiotic-precipitated calcite, 
sugges ting that the algal vital effect must be reduced to a minimum during the Mg 
incorporation process (Ries, 2006). 
The dependence of the Mg/Ca ratio in coralline algae upon the Mg/Ca,w has, therefore, 
been determined. However, considering the residence time of both Mg and Ca in the ocean 
(respectively 13 My and 1 My; e.g. Chester and Jickells 2009), th e timescale of potential 
Mg/Ca variations in the oceans well exceeds the one usually dealt with for palaeoclimatic 
reconstructions from corallines (several decades to centuries). Therefore, it is eas ily 
conceivable to assume that the Mg/Ca,w is constant throughout any period of high-
reso lution study. Then, a quasi-exclusive temperature-derived explanation could be 
adva nced for the observed oscillations of the Mg/Ca signal in the coralline red algae 
skeleton at any given time. 
11-5.b.2 Other temperature indicators: 0180, Sr/Ca, U/Ca and Ba/Ca 
Interestingly, despite the measurement of the oxygen iso topic composition (1\ 180) being 
a very commonly used proxy for palaeo-temperature reconstructions from various 
biogenic carbonates over the years ( e.g. Waelbroeck et al., 2005 for foraminifera; Correge, 
2006 for cora ls), its use on coralline red algae was not assessed until the study by Halfar et 
al. (2000) . Besides their interest for the Mg incorporation into the algal skeleton, these 
authors also measured the 1\180 in L. crassiusculum (subtropics) and L. glacia/e (subarctic), 
using mass spectrometry, to assess the 1\180 relationship with the surrounding 
environmental parameters. The 1\180 signals recorded in both rhodolith species show 
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distinctive cyclic patterns that the authors attributed to the annual variations of SST in 
both, the subtropica l and subarctic regions. Hence, a generic equation of calibration was 
proposed, linking the 1\180 measured in coralline red algae, to the temperature, by: 
T = 16.S - 4.3 (1\ 180 , - 1\18O,w) + 0.14 (1\ 180 , - 1\18O,w)Z + 0.06B 
Where: 1\180 ,: I\I8O of the sampl e 
1\18O,w: 1\180 of seawater 
B: correction factor for the algal Mg content of +0.06%o.mol% MgCO3·1 (from 
Tarutani et al., 1969) 
The SST reconstructions presented from this relationship suggest that the 1\180 could be 
a reliable proxy for temperature variations (Halfar et al., 2000). However, in both cases, a n 
offset from the absolute SST value reco rded was observed. This offset was +6°C for L. 
crassiusculum and ~ +12 °C for L. g laciale. The offset on the calculated temperature va lu es 
was attributed to e ith er a variation in the 1\18O,w or other effects that have not been ta ken 
into co nsideration, in particular, a poten tial vital effect (Halfar et al., 2000). The authors 
suggested that this offset might be constant within a species or genus, a nd if so, the 1\180 
variations of coralline red algae could potentially be a reliable indicator of temperature 
change overtime. 
Further investigation on the 1\180 composition of coralline re_d a lgae were reported in 
Ha lfa r et al. (200 7) a nd most particula rly Halfar et al. (2008), in which the first monitoring 
experiment was conducted on a C. compactum crust section, with the aim of ca librating the 
1\ 180 variations against instrumental temperature. It resulted a reliable reconstruction of 
local SST (r=0.85) over a yearlong per iod, further confirming the potential of.the 1\ 180 
s ignal in coralline algae as a temperature proxy (Ha lfa r et a l., 2008). 
The first results on SrCO3 composi tion of a corallin e algal skeleton were presented in 
Kamenos et al. (2008) as a potential indicator of temperature variations. Although the 
relationships between SrCO3 (mo!%) a nd !ST and SST are weaker than for the MgCO3, they 
still are highly s ignificant (respectively, r=0.66 and r=0.83; p<0.0001) . However, due to 
the better tempera tu re reconstruction provided by the MgCO3 variations, Kamenos et a l. 
(2008) recommend the use of the latter for future studies. The same co nclusion has been 
reached by Hetzinger et a l. (2011) in their study of coralline crusts where Sr/ca variations 
are s ignificantly correlated with seawater temperature changes but are weaker than for 
Mg/Ca. These authors also found an unconvincing, however still statisti ca lly significant, 
anti-correlation between SST and U /Ca and Ba/Ca variations for the species C. compactum 
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from the North Atlantic (r=-0.37; p<0.01 for both signals), whereas the other analysed 
species C. nereostratum showed no s ignificant correlation between seawater temperature 
and U/Ca or Ba/Ca signa ls (Hetzinger et al., 2011). 
11-5.b.3 Most recent developments 
With the objective of expanding the array of environmental parameters that it is 
possible to record using coralline red algae, the most recent geochemistry studies involve 
variations of the Ba/Ca composition used as a proxy for freshwater runoff to reconstruct 
sa linity changes in the North Pacific (Chan et al., 2011) or /i 13C as a water masses tracker 
to get insight into upwelling variability in the North Pacific and the Bering Sea (Williams et 
al., 2011). 
11-6 Palaeoenvironmental interpretations 
Coralline algae usually present a relatively long-l ived carbonate skeleton (up to -850 
years old; Littler et al., 1991; Halfar et al., 2007) that preserves very well into sediment. 
Frequen tly, rhodoliths or coralline red algae crusts have been observed as fossils in 
geological sequ ences. These faculties of great conservation through time, as well as the 
singular characteristics they possess, lead the scientific community to try to use these 
organisms as palaeoenvironmental indicators. 
Taxonomic assem blages and morp hology have been used to interpret 
palaeoenvironments (Lund et al., 2000; Payri and Cabioch, 2004), however, considering 
the discussions above, in most cases it seems highly ambitious to use these criteria to 
obtain precise and reliable information about past living conditions. This cautionary 
approach has previously been suggested by Adey and McIntyre (1 973) and Foster (2001) 
in their respective reviews. 
On long-term time frames, the presence of rhodoliths or cora lline crusts facies may, 
however, be an indicator of changes in the nutrient richness of sha llow waters 
environments. Indeed, there exists a nutrient-quantity gradient in the optimal living range 
of corals, cora lline a lgae and molluscs/bryozoans, corals being the most abu ndant 
community in oligotrophic environments and molluscs/bryozoan s preferring eutrophic 
settings (Mutti and Hallock, 2003). Halfar and Mutti (2005) used these observations to 
suggest an increase of nutrients, resulting from an increase of trophic resources and 
primary production in the oceans, during the Middle Miocene (10-17 Ma). This latter 
period was cha racterised by a replacement of the coral reefs in the tropical/subtropical 
zones, by co ralline algae communities, representative of mesotrophic environments 
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(Halfar and Mutti, 2005). The potentia l of cora ll ine algae as a palaeoenvironmental proxy 
was also suggested by Ries (2006; 2009) who envisaged the possibility of reconstructing 
past Mg/Ca ratios of seawater (Mg/Ca,w) using the Mg/Ca ratio of corallines. The latter 
being essentially influenced by temperature and the Mg/Ca of seawater, on large r 
timescales. If, for exa mple, the tempera ture effect can be corrected, then, coralline red 
algae cou ld become archives of past changes in the Mg/Ca,w throughout the Phanerozoic 
(Ri es, 2006; 2009). 
At smaller (centuries to potentially millennia) timescales, coralline red algae recently 
showed a promising capability to be palaeoenvironmental indica tors th rough the periodic 
growth incremen ts that they form and the geoch em ical composition of their calcareous 
skele ton. 
Ann ual growth increments were used by Hal far et al. (2010) to reconstruct a 115-year 
old record of climate variabil ity of the North Atlantic region from multiple specimens of C. 
compactum collected in multipl e sites in the a rea. In this study, changes in widths of 
coralline red algal growth increments were related to a well known wa rming of the 
northwestern Atlantic SST in th e 1990s as well as they highlighted a possible warmer 
period than previous ly thought in the area during the 1920-1930s (Halfar et al., 2010). 
The sa me techn iqu e was also employed to reconstruct a 225-year climate reco rd in the 
Bering Sea region, w ith the corallin e red algal growth-increment widths used as a proxy of 
light intensity (Halfar et al., 2011) . The variabi lity in light intensity was interpreted as 
changes in marine cloud cover and abundance of phytop lankton in the water column, two 
pheno mena closely rela ted to the strength of the dominant climate pattern in the region, 
the Aleutian Low (Halfa r et al., 2011). Despite these successful reconstructio ns, growth -
increment widths cannot always be corre lated with environm ental parameters as shown 
by the absence of correlation observed by Burdett et al. (20 11) between their 96 -years 
record of growth-increment widths measu red along branches of L. glaciale rhodoliths 
from Scotland and the regional instrumental SST and marine cloud cover patterns. 
However, thes e authors were ab le to use changes in the calcification pattern of the 
rhodol iths to get insights into multi-decadal climate variations in the region (Burdett et al., 
2011) . More recently, annual growth bands of coralline red a lgae were used to reconstruct 
runoff from a section of the Greenland lee Sheet, coveri ng the 1939-2002 period (Kame nos 
et al., 2012a). This study links local summer marine tempera tu res to the intensity of the 
discharges. It manages in particular to reconstruct a trend of increasing runoff since the 
mid-1980 that is backed up by instrumental data (Kamenos et al., 2012a). 
The dep letion in rad ioca rbon values along a rhodolith transect has been used for 
palaeoenvironmental reconstructions as it showed to be linked to changes in past oceanic 
cond itions related to the ENSO phenomenon in the Gulf of California (Frantz et al., 2000). 
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During th e strong El Nino phases of 1957, 1982 and 199 2, older wa ter masses from the 
Deep Pacifi c came into the Gulf of California, replacing the usua l source of wa ter composed 
with sur face to sub-surface water masses. These differences in apparent rese rvoir age 
have been recorded in a l. crassiuscu/um rhodo lith skeleton, assessing the use of the ~14C 
va lues, not only as an age indicator, but also as a potentia l proxy for past oceanic 
circulations (Frantz et al., 2000). 
Using th e relat ionship between th e magnesium content of the calca reous structure and 
SST, Kamenos et al. (200 8) suggested that for the North Atlantic SST variations during the 
early Holocene could have been two times less pronounced than tod ay. These results, for 
example, could contribute in refining climatic reconstructions for this high-latitude area 
for th e Holocene. 
A high-resolution (i. e. sub-annual) c\ 180 record, ranging from -2 to 2 o/oo was obta ined 
from a 117-years old C. nereostratum from the northern Pacific (Aleutian Islands) and 
showed a s ignificant corre lation with the regional SST over a 43 yea rs period (r=-0.46; 
p<0.00 15; Hal fa r et al., 2007). As this relationship appears not to be exclusive, the au thors 
invoked a role of the c\ 180 ,w va riations as the second main param eter influencing the a lga 
c\180 signal. Hence, when they observe a correlation between the c\ 180 of the cora lline red 
algae and the Pacific Decada l Oscillation (PDO) or the NIN04 index, they conclude a 
"warming and / or freshening" of the water during positive PDO or NIN04 index; and 
"cool er and / or more sa line" waters when these indexes are negative (Halfar et a l., 2007). 
In the northern Atlant ic, c\ 180 data from a coralline cru st collected in the Gulf of Maine 
indi cate similar patterns as a 30 yea r-long record of the North Atlantic Oscillation (NAO) 
s igna l (Halfa r et a l., 2008). The signal particularly displays a strong effect of Labrador 
Current inputs of colder waters in th e a rea wh en th e NAO is strongly positive (Hal far et al., 
2008). Foll owing this study, inter-annual va riations of the Mg/Ca composition of C. 
compactum from th e North Atlant ic provid ed a 116-year reconstruction of SST changes 
that were linked to NAO variability and its effect on the wate r circulation in the region 
(Gamboa et al., 201 0). Similarly, seve ral-decades-long reco rds of SST variations at monthly 
to sub-monthly reso lu tion were obtained in the North Atlantic and North Pacific from 
cora lline red alga l Mg/ Ca composition (H etzinger et a l., 2009; 2011) and the longest SST 
tim e series gen erated so far was obtained from l. glaciale rh odolith s from Scotland and 
spans th e las t -650 yea rs, dating back to 135 3 AD, therefore covering the Little Ice Age 
(Ka menos, 2010). Implicati ons of th e ri s ing of SST s in ce the end of th e Little Ice Age, and 
most pa rticularly since the beginning of the 20 th century are discussed in the latte r study, 
in re lation with the NAO, the Atlantic Multid ecada l Oscillation (AMO), the Atlantic 
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Meridional Overturning Circulation (AM OC) as we ll as a perspective on the regional 
marine zoopla nkton evolution pattern (Ka menos, 2010). 
More recently, upwelling activity and the climate pattern of the multidecada l patte rn of 
th e Aleutia n Low (North Pacific) were reco nstructed from carbon isotopic composition 
(li 13C) va riations in C. nereostratum and suggest, for instance, a possible intensification of 
this regional climatic phenomenon form the 1960s to the 1990s (Williams et a l., 2011). 
Changes in ocean circulation and particularl y th e Alaska Coastal Current were a lso 
observed through salinity changes recorded by Ba/Ca variations in the same cora lline red 
algae species. A 60-year-long record was generated that indicated a recent intensified 
freshening of the Alaska Coastal Current that may be linked to an increase of ice melting 
and precipitation in the northeastern Pacifi c since the beginn ing of the 21st century (Chan 
et a l., 2011). 
In summary, the last decade has seen the emergence and expansion of the use of 
cora ll ine red algae as a potential tool for palaeoenvironmental reconstruction, for various 
param ete rs, especially in the high latitudes. These encouraging, successful pioneer studies 
need, however, to be complemented with the use of different speci es, in different 
locations, particularly in the tropics in order to assess the potential of coral lin e red algae 
as a group, as a reliable proxy at the global scale. This way, coralline red alga l cl imate data 
could be incorporated into general cl imatic models and help improve Future Climate 
predictions. This thesis is a contrib ution to this endeavour. 
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CHAPTER 
Ill 
An investigation of Mg/Ca 
· distribution in Sporolithon durum 
coralline red algae 
Keywords : rhodoliths, laser ablation, electron microprobe, organic matter, seasonal cycle, growth 
pattern, New Caledonia 
Abstract 
Mg/Ca concentration and high-resolution variations in tropical specimens of 
Sporo/ithon durum rhodoliths ( =unattached forms of coralline red algae) were measured 
using laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Different 
instrumental configurations were tested to record 11 profiles along the same rhodolith 
branch. The consistency of the Mg/Ca content recorded in all LA-ICPMS profiles and the 
concordant average Mg/Ca concentrations obtained between ~A-ICPMS and inductively 
coupled plasma atomic emission spectrometry (ICP-AES) as well as solution ICPMS 
measurements indicate that LA-ICPMS is a precise and accurate technique for determining 
the Mg/Ca concentration in S. durum rhodoliths. Lower Mg/Ca values measured by 
electron probe micro-analysis (EPMA) and after H20 2 treatment of S. durum reveal that Mg 
does not exclusively occur inside the calcite lattice that constitutes the coralline algal 
skeleton . . The presence of a significant fraction of the total Mg associated with organic 
matter inside the cell structure of the alga is suspected. H20 2 treatment, however, does not 
significantly affect Mg/Ca variations along a rhodolith branch. The LA-ICPMS Mg/Ca 
profiles present similar variations, suggesting good reproducibility of the LA-ICPMS 
technique and a homogenous distribution of Mg/Ca across a rhodolith branch. Two types 
of Mg/Ca variations were recognised in all the profiles and could be partly decoupled 
providing adjustments in the laser spot size. A -500 µm-period, major cyclicity likely 
reflects seasonal variations in local sea-surface temperature (SST), whereas -30-100 µm-
period minor variations are linked to the high-resolution pattern of algal growth. 
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111-1 Introduction 
Encrusting coralline red algae are distributed throughout the photic zone from the 
tropics to the poles (Adey and McIntyre, 1973; Bosence, 1983a; Steneck, 1986). Coralline 
red algae can occur eithe r attached to hard substrates or as free-living forms, known as 
rhodoliths (Steneck, 1986; Foster, 2001). Rhodoliths are usually found on sandy bottoms, 
w hich they often entirely cover, constituting a rhodolith bed (Foste r, 2001). Rhodoliths 
form when algal cell s first settle on a non-cohesive substrate that can be of various origins 
(Harris et al., 199 6; Basso et al., 2009), from which, a concentrically-growing calcareous 
structure wi ll evolve (Bosence, 1983b; Goldberg, 2006). Rhodoliths, and coralline red 
algae in general, are slow growing (0.01 to -1 mm.y-1 - Foster, 2001) w ith potential 
lifespan s of centuries (Frantz et a l., 2005; Halfar et al., 2007) during which they may form 
thick crusts ( often > 10 cm - Bosence, 1983b ). These characteristics have ra ised a 
particula r interest in the ir use for palaeoenvironmental reco nstructions, which often 
relies on the geochemical compositi on of the ir high-magnesi um calcite skeleton (Nelson, 
2009) . 
Early geochemical studies on coralline red algae focu sed on the measurement of their 
Mg content and the first suggestion that the bulk Mg composition of their skeleton co-
varies w ith seawater temperature is found in Chave (1954). El ectron probe micro-
analyses (EPMA) have since shown that the most significant variations of the Mg content 
in coralline red algae mainly correspond to the annua l cycle of seawater temperature (e.g. 
Halfar et al., 2000; Kam enos et al., 2008; Hetzinger et al., 2009) . Sub-seasonal Mg 
variatio ns have also been determined in a rhodolith form of th e Lithothamnion glaciale 
species (Hal far et a l., 2000). 
Laser ablation inductively coupled plasma mass spectrometry (LA- ICPMS) allows a 
simu ltan eous, rapid ana lysis of a large a rray of trace elements at high resolution and with 
high sensitivity (e.g. Eggins et al., 1998). This technique is regularly used fo r 
environmental recons tructions in various mar ine, calcareous organ isms ( e.g. corals : 
Sincla ir et al., 1998; Fallon et al., 1999; forami ni fera : Eggins et al., 2003; Hath orne et al., 
2003; bivalve molluscs: Schone et al., 2011) . Only recently has LA-I CPM S been used for 
high -resolution stu dies of co rall ine red algae (Gamboa et al., 2010; Hetzinger et al., 2011a; 
Chan et al., 20 11). This series of studies focused on the genus Clathromorphum from the 
high latitu des of the Northern Hemisp here and was based on a single combination of 
instrumental settings for the LA-ICPMS analyses. 
In this study, we pro pose to expa nd the utili ty of the LA-I CPMS technique for coralline 
red algal studies by using various instrumental combinations to measure the Mg/Ca 
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content and variations in rhodolith-forms of the Sporolithon durum coralline red algae 
species from the lagoon of New Caledonia. This, in combination with both EPMA analysis 
and the characterisations of the organic component by the mapping of the sulphur content 
and a H202 bleaching experiment, will give new insights into the distribution of Mg in S. 
durum rhodoliths . 
111-2 Material and methods 
111-2.a Rhodolith collection and sample preparation 
The S. durum rhodoliths studied here were collected using SCUBA from -4 m deep, in 
October 2009 (BSA specimen) and February 2011 (MSA specimen), from the edge of the 
Ricaudy Reef (22°18'57" S; 166°27'26" E) near the city of Noumea, New Caledonia (Figure 
111-lA). The nodules are 8.1 cm and 8.5 cm in diameter (BSA and MSA specimens, 
respectively) and present a degree IV branching structure according to the classification of 
Bosence (1983b ). Collected specimens were dried before being set in araldite resin blocks. 
Sections parallel to the long axis of the ellipsoidal nodules were cut using a diamond rock 
saw. Polished sections were photographed at high-resolution using a Digital Sight OS-Fil 
digital camera attached to a Nikon AZlO0 optical microscope at the Research School of 
Earth Sciences (RSES) of the Australian National University (ANU). Prior to LA-ICPMS 
analysis or sampling for solution ICPMS and ICP-AES, sections were sonicated and oven-
dried ( 40°C) overnight. 
164° E 165° E 166° E 167° E 168° E 
New Caledonia 
20· S 
21 · S 
22· S 
" 
A 
23•s~-~---~--~---~---~~ 
Figure 111-1 A: Location map of New Caledonia showing the region of Noumea and the Ricaudy Reef in the 
southwest of the main island. B: Cross section of the BSA rhodolith specimen showing the area of 
LA-ICPMS analyses (black square). Scale bar: 2 cm. 
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111 -2.b LA-ICPMS analyses 
An area of -3 mm ' nea r the top of a branch along the short axis of the BSA specimen 
(Figure 111-lB) was chosen for LA-ICPMS a nalyses at the RSES, ANU, using a Varian 820 
ICPMS, coupled to an ANU Helex ArF excimer laser ablation system. Va riations in 24Mg, 
25Mg and 43 Ca were measured along 11 different, -2 mm-long profiles parallel to the ax is 
of branch main growth. General settings for the laser ablation unit and the ICPMS 
instrument are given in Table 111-lA, and the various configurations used for each profile 
are shown in Table 111-l B. In summary, the energy level and pulse rate of the laser, along 
w ith the ablation spot d iameter were the main varying settings between the 4 profiles 
label led "Tr" and primarily influenced the volume of ab lated mate rial reaching the ICP MS 
detector for each measurement. The profiles labelled "N" were set w ith the same setti ngs 
as the Tr profiles but with different laser scan speeds. The individual isotope dwel l times 
and counting modes on th e IC PMS were also modified in order to optimise the count rates 
obtained for each isotope measured by the ICPMS detector (Table 111- lB) . 
A do lomitic type of Carra ra marble (e .g. Herz and Dea n, 1986) was used as a matrix-
matched, external standard for rhodolith Mg/Ca calibrati on. The composition of the 
Carrara marble standard was independently determined using inductively coupled plasma 
atomic emission spectrom etry (ICP-AES), solution IC PMS and EPMA methods (see section 
111-2.c), a ll of w hich gave consistent results (Table 111- 2). The glass SRM NIST610 (National 
Ins titute of Standards and Technology) was also used as a seconda ry standard. All LA-
ICPM S ana lyses followed the same ana lytica l procedure (Figure 111-2) . Prior to analysis, 
the sample surface was cleaned of possible contaminatio n by a pre-ablation run. Standard 
reference materials were measured for -60 s, before and afte r the measurement of the 
rhodolith sam ple. Background measurements were also made for -60 s between each 
measurement as well as at the beginning and at the end of each analysis (Figu re 111- 2). The 
data reduction method followed standard procedures (see Longerich et al., 1996), and 
used 43Ca as the internal calibration to constrain the ablation yield, which was var iable 
due to the sample surface porosity. The bracketing standards were used to correct for 
instrumental drift, which was assumed to be linear during each run. Background analyses 
were used to interpolate subtracted background levels during each run. Depending on the 
exper im ental settings, typical detection limits (3o of the background) for a s ingle 
measurement in the Tr profiles were : 24Mg: 15-125 ppm; 25 Mg: 30-350 ppm; 43Ca: 250-
1200 ppm, and for the N profiles, were: 24 Mg: 15 -80 ppm; 25Mg: 10-70 ppm; 43Ca: 100-650 
ppm. 
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Results are presented as Mg/Ca molar ratio against distance from the top of the 
rhodolith branch. To compare the profiles and to compensate for irregularities of the 
sampling area, the main features observed in each profile were linked using the data 
analysis software AnalySeries (Paillard et al., 1996). 
A 
B 
Table 111-1 
Laser unit 
Energy 
Spot Dimensions 
Scan Speed 
Pulse Rate 
Wav~length 
ICPMS 
Data Acquisition Method 
Gas flows 
Plasma Power 
Measured isotopes 
Integration Mode 
Individual dwell time 
Total integration time 
Intensity range 
5 - 10 J.cm-2 
13 - 47 µm diameter 
3 - 10 um.s·1 
5 - 10 Hz 
193 mn 
Time Resolved, pulse counting, 
1 point per peak 
Cool: 151/min, Aux : 1 I/min 
Carrier: 0 .9-1.20 I/min Ar; 0.5 I/min He 
1350 W 
24 Mg, 2sMg, 43Ca 
Medium Attenuation - No Attenuation 
Tr tracks : 30ms; N tracks: 60-600 ms 
0.51 - 0.75 s 
5,000 - 1,000,000 cps 
LA-ICPMS I Energy 
Laser settings ICPMS settings 
Pulse Speed Spot Dwell tim_e (ms) / Mode tracks Level rate diameter Average recorded intensity (cps) 
(J .cm-' ) (Hz) (µm.s-
1) (µm) 
" M " M 43Ca 
30 I MA 30 / MA 30 / MA 
Tr1 10 5 10 47 
500 ,000 50 ,000 10,000 
30 I MA 30 / MA 30 / NO 
Tr2 10 5 10 22 
100 ,000 10,000 200,000 
30 / MA 30 / MA 30 I NO 
Tr3 10 5 10 13 
50,000 5,000 100,000 
30 / MA 30 / MA 30 I NO 
Tr4 5 10 10 42 
200,000 20,000 400,000 
70 / MA 600 I MA 60 / NO 
N1 series 10 10 7 47 
800,000 100,000 1,000,000 
300 I MA 60 I NO 150 / NO 
N2 10 10 5 22 
200,000 1,000 ,000 400 ,000 
600 I MA 120 / NO 300 I NO 
N3 series 10 10 3 13 
100,000 500,000 200 ,000 
300 I MA 60 / NO 150 / NO 
N4 5 10 5 42 
200 ,000 1,000,000 400,000 
A. General settings used in this study for the LA-ICPMS machine. B. Specific laser and ICPMS 
configuration set for each profile. 
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Mg/Ca (mol.moi- 1 ) Mean Std err n 
ICP-AES 0.993 0.006 5 
Solution ICPMS 0.997 0.008 5 
EPMA 0.994 0.010 2 
Table 111-2 Mean and standard error of the mean for the Mg/Ca concentration in the sample of Carrara marble used as an external standard for the LA-ICPMS analyses measured by three independent techniques. The number of samples (n) used to calculate each average is also indicated. 
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Figure 111-2 Typical trace element profile obtained from an individual LA-ICPMS run. The sample analysis (5) is bracketed between measurements of both standards (N : NIST 610 SRM and C: Carrara marble), with successive measurements separated with -60 s of background (B) acquisition. 
111-2.c ICP-AES, Solution ICPMS and EPMA 
We analysed a si ngle rhodolith sample by both lCP-A ES and solution lCPMS methods. 
Bulk carbonate pow der was obtained by drilling a sequence of hol es of -2 mm in diam ete r 
and - 1 mm depth, one branch from the BSA specimen. Approximately 1 mg of powder 
from each hole was dissolved in a 10 ml, 2% HN03 solution for a nalyses. 
A Varian Vista Pro Axial lCPAES from the RSES, ANU was used to analyse the rhodolith 
samples, following a method si milar to the one of de Villiers et a l. (2002) . We used a 
sa mple-sta ndard bracketing technique, which consisted in a n in-house matri x-matched 
standa rd so lution of known Mg and Ca composition being measured repeatedly between 
each sa mple and w hich was used both calibrate Mg and Ca responses a nd to correct from 
instrumenta l variations throughout the run . Detection limits for Mg and Ca were 
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respectively 0.01 and 0.10 mg.1·1, more than 20x lower than the sample concentration . 
Standard deviations on the measured elemental concentrations of the rhodolith sample 
studied here were 0.44 and 0.45% for Mg and Ca, respectively. 
A Varian 820 ICPMS (RSES, ANU) was used for solution ICPMS analysis . Four standard 
solutions of known Mg and Ca concentrations were prepared from AccuTrace solutions 
(National Institute of Standards and Technology) and used to establish calibration curves 
and assess instrumental reproducibility. A pure 2% HN03 (i.e. "blank") solution was 
repeatedly measured and used to correct for instrumental-drift as well as to determine 
detection limits for Mg and Ca, which were 0.14 and 1.7 ppb, respectively (3o of the 
blanks; n=8) . 
EPMA was conducted on a carbon-coated thin section of the BSA rhodolith, using a 
Cameca SXlOO electron probe at the RSES, ANU. Energy-dispersive spectrometry (EDS) 
was used to obtain quantitative, simultaneous analyses of Mg and Ca from various areas of 
the rhodolith skeleton. Measurements were carried out using a 10 µm-diameter spot, with 
15 keV acceleration voltage and 20nA beam current. 60.3% Mg in MgO periclase modified 
standard was used for Mg calibration and 34.5% Ca in CaSi03 modified standard was used 
for Ca calibration. Standard reduction was set for Mg-Ka on TAP crystal and Ca-Ka on 
LPET crystal. Detection limits for Mg and Ca were respectively <300 and <200 µg.g- 1 and 
analytical errors (weight%) were <2.5% and <0.6%, respectively. Areas (200-300x300-
600 µm grid) where quantitative information was collected were mapped for their relative 
Mg and Ca concentrations using a 3-µm spot size and 3-µm steps .- Relative abundances of S 
from the same areas were also mapped. Back-scattered electron (BSE) images of these 
areas were also taken using the in -built scanning electron microscope (SEM) device. 
Results of the quantitative analyses of Mg and Ca for the BSA rhodolith using ICP-AES, 
solution ICPMS and EPMA techniques are presented in Table 111-3 as Mg/Ca (mol.mol-1) 
ratios, along with error estimates. 
LA-ICPMS Mg/Ca (mol. moi- 1 ) Table 111-3 Results of the LA-ICPMS analyses 
tracks Average Stdev Range showing the average Mg/Ca 
content, the standard deviation Trl 0.307 0 .039 0.206-0.460 and range of Mg/Ca values for 
Tr2 0.308 0.049 0.193-0.508 each of the 11 profiles as well as 
for the entire analytical dataset. Tr3 0.314 0.058 0.159-0.544 
Tr4 0.290 0.038 0.204-0.415 
Nla 0.305 0.035 0.234-0.423 
Nlb 0.302 0.031 0.238-0.428 
N2 0.294 0.036 0.215-0.440 
N3a 0.312 0.043 0.226-0.443 
N3b 0.293 0.039 0.215-0.413 
N3c 0.301 0.041 0.218-0.434 
N4 0.288 0 .034 0.216-0.411 
Al l 0.301 0.040 0.159-0.544 
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111-2.d Rhodolith staining and H2O2 treatment 
To assess the possibl e presence of different carbonate minerals in th e rhodoliths, we 
followed the procedure proposed by Dickson (1965) that used the different so lubilities of 
calcite and dolomite in hydrochloric acid (HCl). After etching in a 5% HCl so lu tion for ~10 
s, a thin section containing a few branches of the BSA rhodolith was immersed in a dilute 
solution of alizarin red S (2g.l-1) in 5% HCl fo r approximately 45 s. After rinsing with 
distilled water, calcite appears as a pink-red colour whereas dolomite remains 
uncoloured. The calcite also appears more etched than the dolomite. 
To remove the organic phase from the rhodolith skeleton, a resin slab of the MSA 
specimen was immersed in a hot (60°C) H20 2 (30%) solution buffered with 0.1 N NaOH in 
equal volumes (e.g. Stoll e t al., 2001). After a pproximate ly 1 hour, when bubbling ceased, 
the slab was rinsed with distilled wate r, sonica ted and oven-dried at 40°C overnight. 
Mg/Ca profiles along the same MSA rhodolith branch were measured by LA-ICPMS under 
the same conditions (method in section 111-2.b), on different sessions, before and after 
H2O2 treatment. 
111-3 Results 
111-3 .a Mg/Ca calibration 
Averaged measured Mg/Ca va lues are consistent between each LA-ICPMS track, even 
when different laser ablation and ICPMS settings are used (Table 111-3). The overa ll 
average Mg/Ca va lue obtai ned from the LA-ICPMS technique is 0.301 ±0.003 mol.mol-1 
(Tabl e 111-4; uncertainties are presented as standard errors of the mean). This va lue is 
identical, with in error of the Mg/Ca values obtained from the bulk sample of the 
outermost part of another branch of the same rhodolith, ana lysed by ICP-AES and solution 
ICPMS (respectively, 0.305 ±0.002 and 0.298 ±0.006 mol.mol·1). However, the Mg/Ca 
ave rage value resulting from EPMA is about 30% lower for a similar region of the same 
rhodolith (0.215 ±0.003 mol.mol-1; range: 0.192-0.238 mol.mol ·1; n=3). The average Mg/Ca 
obtained from the same LA-ICPMS measurements, this time calibrated using the SRM NIST 
61 0 instead of the Carrara ma rble, also displays a slightly lower value (0.286 ±0.006 
mol.mol-1) tha n the one obtained by LA-ICPMS (Carrara), ICP-A ES and solution ICPMS 
(Table 111-4, Figure 111- 3). 
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Mg/Ca (mol .mo1· 1 ) Average Std err n 
LA-ICPMS NIST610 0.286 0.006 11 
LA-ICPMS Carrara 0 .301 0.003 11 
ICP-AES 0.305 0.002 1 
Solution ICPMS 0.298 0 .006 1 
EPMA 0.215 0.003 3 
Table 111-4 Mean value and standard error of the mean or of a single measurement for the Mg/Ca content in 
the outermost area of the BSA rhodolith measured by different techniques. The number of 
samples (n) used to calculate each average is also indicated. LA-ICPMS NIST610 is using the NIST 
610 SRM as external standard for calibration of the LA-ICPMS records, whereas LA-ICPMS Carrara 
is using the Carrara marble for calibration of the same LA-IC PMS records. 
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Figure 111-3 Average concentration of Mg/Ca in the outer region of the BSA S. dUrum rhodolith measured using 
different techniques (blue bars). Black bars represent 2 oM (standard error of the mean). 
111-3.b Mg/Ca distribution 
The EPMA mapping of Mg/Ca variations along a rhodolith branch reveals a 
layered/banded pattern of the Mg/Ca distribution that appears to follow the semi-
horizontal cell alignment within the branch (Figure III-4A-D). This translates, in the 
vertical growth direction, to cyclic variations in the Mg/Ca pattern that are observed on all 
maps and. are generally associated with the alternation of small cells w ith thick walls (low 
Mg/Ca) and longer cells with thinner walls (high Mg/Ca) observed in the BSE images 
(Figure III-4A-D). On light microscope images, this pattern appears as a 30-70 µm-thick 
banding. Most of the cell openings (black holes in the BSE images) are relatively w ell 
defined as dark regions in the Mg/Ca maps that correspond to the lowest Mg/Ca values. 
The interior of the cells are often associated with the highest S/Ca values, particu larly in 
the outermost region of the rhodolith branch (Figure III-4A). A peculiar, vertically-
orientated feature can be seen in Figure III-4C that is fully calcified and breaks the 
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horizontal cell alignment. This few -hundred-µm scale feature has the highest Mg/Ca 
values recorded in the map of that region, and also presents elevated S/Ca concentrations. 
Figure 111-4 Light microscope images of different regions of the BSA rhodolith specimen {from edge toward 
centre of the nodule - A to 0) with corresponding SSE images and Mg/Ca and S/Ca distribution maps obtained from EPMA. Intensity scales for each region are 100 µm and figure relative elemental concentrations (higher concentrations in red ; lower concentrations in blue). Note that the colouration does not necessarily represent the same scale for different regions neither for Mg/Ca and 5/Ca. The white circles on the BSE images figure the location of the quantitative EPMA analyses (spot diameter: 1 Oµm). 
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The staining of the rhodolith thin section reveals most of the skeleton is made of ca lcite, 
w ith a few areas of dolomite, mostly concentrated near the bottom and sides of some 
branches (Figure III-SA). "Patches" of dolomite also seem to be scattered along the 
skeleton, aligned roughly along the growth direction. These patches are of the order of a 
hundred µm-long (Figure 111-58-C) and can be re lated to the higher-Mg feature observed 
in the EPMA. 
Figure 111-5 Thin section of several branches from the BSA rhodolith after HCI etching and alizarin red S 
staining (A}. Close-ups of the white rectangles in A and Bare shown in Band C, respectively. Pink-
reddish areas are calcite whereas the white/translucid patches represent dolomitic material. Scale 
bars A: 2 mm ; B: 500 µm ; C: 100 µm. The darkened areas are epoxy resin. 
The treatment of a branch of S. durum rhodolith with H2O2 significantly lowers the 
Mg/Ca concentrations recorded by LA-ICPMS (Figure 111-6) by -0.06 mol.mol ·1 on average, 
or about 20%. However, it appears that this effect is constant throughout the profil e and 
does not significantly affect the Mg/Ca variations along the studied rhodolith branch 
(Figure 111-6 - F-Test; p<0.0001). 
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Figure 111-6 Comparison between Mg/Ca variations , along the same branch of the MSA rhodolith, recorded by LA-IC PMS before (blue) and after (purple) H,O, treatment. Note the decrease of -20% in the Mg/Ca concentration after treatment, whereas the Mg/Ca variations are unaffected. 
111-3 .c Mg/Ca variations measured by LA-ICPMS 
The Mg/Ca profiles have a relatively similar stan dard deviation ranging from 0.0 31 
(Nlb) to 0.058 (Tr3) and ra nges in Mg/Ca values vary from 0.159 to 0.544 (Tr3 -Table 111-
3). The Tr2 and Tr3 profiles are notably more variable, especially when considering their 
high Mg/Ca values, and show poor, albei t significant, corre lations between their respective 
24 Mg/Ca and 2SMg/Ca records (r=0.45 for Tr2 and r=0.35 for Tr3 - Figure 111-7). This poor 
correlati on between these signals reflects a high degree of uncertainty on each 
measurement, which is associated with counting statistics. Trl and Tr4, on the other hand, 
are ve ry similar and show less counting statistics error (24Mg/Ca-2SMg/Ca: r=0 .77 and 
r=0.78, respectively) . The N profiles systematica lly display cleaner (i.e. with less error 
associated with counting statistics) Mg/Ca records than their Tr counterparts. This 
characte risti c, that is particularly evident for NZ and N3a-b-c, enables clearer observations 
of the Mg/Ca variation pattern (Figure 111-7). 
Corre lations between the 11-measured Mg/Ca profiles a re highly significant 
(0.48<r<0.87 or 0.66<r<0.87 if Tr2 and Tr3 are avoided due to high counting statistics 
uncertainty; p<0.000 1 - Table 111-5), indicating that they all share s imilar Mg/Ca 
va riations. Two different levels of cyclic variations are observable and the different 
instrumental settings used for each profile may result in these patterns being more or less 
distinguishabl e. A low -frequen cy, major pattern with a ~5 00 µm wavelength is clearly 
disp layed in Trl and Tr4 as we ll as Nla-b and N4, a ll of which were set with the biggest 
spot sizes. This pattern is more difficult to determ in e in Tr3 and N3a-b-c, for which th e 
smalles t spot size was used (Table Ill -18, Figure 111-7). The latter profiles, however, show 
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a higher-frequency, minor cyclicity with a -50-100 µm period that is more dominant in 
the Mg/Ca variations, whereas it is hardly distinguishable in the biggest-spot-sizes 
profiles. For an intermediate spot size, Tr2, and especially NZ, also present an 
intermediate profile where the two frequencies of Mg/Ca variations are observed but 
neither is as clearly displayed as in the other profiles. 
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Figure 111-7 Individual 24Mg/Ca and 25Mg/Ca LA-ICPMS profiles analysed along the outermost region of the 
same BSA rhodolith branch, using different instrumental settings. Note that the N1a and N1b 
profiles are displayed on the same plot and so are N3a, b and c. Correlation coefficients between 
the 24Mg/Ca and 25Mg/Ca records are also figured for each profile. Observable common features in 
the Mg/Ca variations are linked by the vertical dashed-lines. 
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Trl Tr2 Tr3 Tr4 Nla Nlb N2 N3a N3b N3c 
Trl 
Tr2 0.60 
Tr3 0 .54 0 .56 
Tr4 0.76 0.66 0.64 
Nla 0.80 0 .64 0 .60 0.81 
Nlb 0 .72 0.57 0 .62 0.78 0 .80 
N2 0.70 0 .63 0.50 0 .74 0.75 0.75 
N3a 0 .70 0.48 0.48 0.70 0 .70 0.76 0 .77 
N3b 0 .66 0 .54 0.50 0.74 0 .75 0.76 0.78 0 .87 
N3c 0 .68 0.54 0.56 0 .72 0.73 0.80 0.72 0 .85 0.83 
N4 0 .76 0.68 0.62 0.86 0 .83 0.79 0.77 0 .72 0 .75 0 .78 
Table 111-5 Correlation matrix for the Mg/Ca variations of the 11 individual LA-ICPMS profiles. 
When compared to the visual features on the photograph of the rhodolith branch 
(Figure 111-8), it appears tha t the low-frequency, major Mg/Ca pattern correspond to an 
observable banding composed of a lternating pair of clear and darker bands, with the cl ear 
(darker) bands corresponding to the high (lower) Mg/ Ca values (Figure 111-8) . 
111-4 Discussion 
111-4.a Mg/Ca content and its distribution in 5. durum 
The agreement between the average Mg/Ca values obtained from ICP-AES, solution 
ICPMS and LA-IC PMS, strengthens our confidence in using the latter method to obtain 
precise and accurate Mg/Ca measurements in S. durum rhodoliths. However, the choice of 
external standards for calibration appears critical as the use of the SRM NIST 610 glass 
instea d of the matrix-matched Carrara marble results in lower average Mg/Ca va lues that 
are also different from the ones obtained with the other techniques. These observations 
a re concordan t with the study by Craig et a l. (2000) showing that the use of glass 
sta ndards consistently leads to a negative bias in the calibrati on of trace elements in 
ca rbonate matrices. For this study, we mai nly attribute that difference to the Mg/Ca va lue 
in the SRM NIST 610 being an order of magnitude lower than the one in S. durum 
rhodoliths (-0.01 and 0.30, respectively), making it particularly unsuitable for calibration. 
The lower Mg/Ca co ntent recorded by the EPMA might be explained by the sam pling 
strategy. Indeed, the electron beam of the electron probe needs to be projected on a fl at 
surface to prevent from adverse effects on the recorded signal caused by sample porosity. 
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Figure 111-8 Intensity map of the area studied in the LA-ICPMS analysis composed of the 11 Mg/Ca profiles 
plotted on top of the light microscope image showing their respective laser tracks. The length and 
width of the Mg/Ca profiles match the ones of the physical tracks (~2 mm-long and 13-47 µm-wide). 
Mg/Ca intensity range from 0.20 (dark blue colour) to 0.45 (red colour). 4 years of algal growth are 
represented here. 
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In that respect, the thin ce ll wa lls were avo ided and the 10-µm spot was directed to 
thicker wa ll s, which are generally associated with lower Mg/Ca values (Figure 111-4). 
Consequently, the average Mg/Ca obtained by EPMA could be biased toward the lower 
end of the Mg/Ca range. 
Significantly lower Mg/Ca values are also obtained after H20 2 treatment of S. durum. 
This could be attributed to portions of Mg present as adsorbed ions or incorporated into 
interstitial or defected site, hence favouring their dissolution during the bleaching process 
(Love and Woronow, 1991), or to the preferential dissolution of high-Mg calcite during the 
H202 treatment (Martin and Lea, 2002). However, Stoll et al. (2001), reported an Mg/Ca 
diminution of up to -5% in non-biogenic carbonate after H202 treatment. Here, the 
difference observed in S. durum is -20%. 
The most probable explanation for the lower Mg/Ca values obtained both with EPMA 
and after H202 treatment in S. durum is the presence of Mg directly or indirectly associated 
with organic matter inside the ce ll structure. Recently, the presence of dolomite and 
magnesite that could be biologically-related was identified in the ce ll structure of tropical 
coralline red algae Hydro/ithon onkodes (Nash et al., 2011). We determine the possible 
presence of dolomite in S. durum (Figure 111-5) associated with potential traces of organic 
matter recorded by high S/Ca values (Figure lll-4C). However, the dolomitic features 
observed in this study are much bigger than the size of a cell and can be easily avoided 
when carrying out EPMA or LA-ICPMS analyses. Yet, a lthough the BSE images and the 
Mg/Ca maps suggest that the cel ls of S. durum are empty and show the lowest Mg/Ca 
values, the presence of organic matter is indicated by the highest S/Ca values genera lly 
appearing inside the cells (Figure lll-4A-D). We speculate that some Mg-bearing material 
is associated with this organic matter inside the cell structure. This portion of the tota l Mg 
content wou ld, consequently, be removed, along with the organic matter, during the H202 
treatment. It would also not appear in the quantitative EPMA that only recorded the 
Mg/Ca concentration in the cell walls. In contrast, the LA-ICPMS, ICP-AES and solution 
ICPMS techniques do not differentiate the material of the cell wa lls from the one with in 
the cell and would, therefore, record this Mg "excess". Milliman et al. (1971) identified an 
"excess" of Mg present in various species of coralline red algae when compared to the Mg 
concentration determined only from their calcite peaks in X-Ray diffraction (XRD) 
analyses. This difference was particularly significant for tropical species of coralline red 
algae. Our results further support the fact that Mg in tropical coralli ne red algae may not 
be exclusively incorporated into the calcite lattice that constitutes the skeleton (in 
contradiction with what Kamenos et al. (2009) proposed for a cold-water species), but 
that other forms of Mg may also contribute to the total Mg concentration. 
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111-4.b Mg/Ca variations 
Results of the LA-ICPMS analysis imply that optim ising the amount of materia l reaching 
the ICPMS detector for each measurement is critical in order to drastically reduce the 
error associated with counting statistics on the recorded signal. As changing any of the 
laser or ICPMS settings alone has no sign ificant effect on the noise of the recorded signal 
(e.g. Trl vs. Tr4 and all N profiles), we suggest that any configuration can be used to 
reliably measure Mg/Ca variations in S. durum, as long as the ICPMS detector's counts-per-
second are optimised for each analysed isotope. 
The highly significant_ correlations between the 11 LA-ICPMS Mg/Ca profiles indicate 
good reproducibility of the technique as we ll as a homogenous distribution of the Mg/Ca 
variations across the rhodolith branch. 
A comparison of the average Mg/Ca profiles with the local SST (Figure 111-9) stro ngly 
suggests that the common major, -500 µm-w ave length Mg/Ca variations in S. durum are 
related to the seasonal pattern of SST, with high (low) Mg/Ca values occurring during 
periods of high (low) SST in the austral summer (winter). This implies that the major 
visua l banding associated with the low-frequency Mg/Ca variations (Figure 111-8) also 
occurs annua lly. The relationship between SST and Mg variations was established in 
various studies, for other species of coralline red a lgae ( e.g. Hal far et al., 2000; Kamenos et 
al., 2008; Hetzinger et al., 2009; 2011a;b; Gamboa et al., 2010) and the major banding 
pattern has also been recognised to be annual (Kamenos and Law, 2010) and sometimes 
used to establish chronologies in rhodoliths (Burdett et al., 2010). Our observations 
further suggest a co-variation between these parameters; however, further studies need to 
be conducted to confidently assess the Mg-SST re lationsh ip as well as the annual character 
of the major, visual banding in S. durum. This will be undertaken in the following chapters 
of this thesis, particularly Chapters IV and VI. If this is confirmed, the minor, -30-100 µm-
wavelength Mg/Ca cycles recorded in the LA-ICPMS measurements wou ld then occur at a 
sub-seasonal sca le. Sub-annual patterns in Mg/Ca have been recognised on other 
rhodolith species and were inconclusively suggested to reflect lunar cycles (e.g. Moberly, 
1968; Halfar et al., 2000). Similarly, this study does not provide enough information to 
reliably characterise the periodicity of the minor Mg/Ca cycles. However, as shown by the 
EPMA maps, we were able to assess that th ese Mg/Ca high-frequency variations are 
intimately linked to the S. durum growth pattern. 
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Figure 111-9 Comparison plot between the local, daily SST record for the 2005-2009 period (top blue curve) and the 11 individual (bottom thin coloured lines) as well as the average (bottom thick black line) 2 mm-long Mg/Ca profiles recorded using LA-ICPMS along the outermost region of a S. durum rhodolith branch. The rhodolith is from the Ricaudy Reef, some 2 km from the instrumental SST station. The individual profiles have been resampled to appear on the same scale (see text for details). Low SST and low Mg/Ca values are matched by the vertical dashed-lines. 
The use of different laser spot sizes for the LA-lCPMS analyses enables to focus on 
either one of these observed cyclic variations. Using a small spot size (10-20 µm) provides 
a clear determination of the minor Mg/Ca cycles, and hence, highlights the growth pattern 
influence on the Mg/Ca variations in S. durum rhodoliths, whereas bigger spot sizes ( -40-
50 µm) permit to smooth the high-frequency variability, highlighting the major Mg/Ca 
cycles that seems more prone to be influenced by the seasonal variations of environmental 
parameters, and particularly SST. 
111-5 Conclusion 
Mg/Ca content and variations in S. durum rhodoliths can be precisely and accurately 
measured by LA-lCPMS, provided a matrix-match ed external standard is used for 
cal ibration and the amount of sample material reaching the ICPMS detector is optimised. 
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Under these conditions, instrumental configuration changes do not appear to significantly 
affect the quality of the recorded signal. 
Lower Mg/Ca concentrations recorded by EPMA and after H 20 2 treatment suggest that 
Mg is not exclusively incorporated into the calcite lattice forming the S. durum skeleton 
and that a significant fraction of the total Mg is likely to be associated with actua l or 
remnants of organic matter present inside the cell structure. The H20 2 treatment, 
however, does not significantly affect the Mg/Ca variations along a rhodol ith branch. 
Dolomitic structures of the order of -100 µm- long, scattered across the rhodolith 
skeleton of S. durum have been identified and could bias the Mg/Ca records . They are 
easi ly distinguishable and can be avoided when setting the laser path for LA-lCPMS 
analysis. 
Mg/Ca variations are reproducib le across the same rhodolith branch, suggesting a 
homogenous lateral distribution across the axis of main growth. 
Two types of Mg/Ca variations, related to the rhodolith visual banding, have been 
observed and the use of different laser spot sizes enables identification of either one. 
Bigger spot sizes better record major, low-frequency Mg/Ca cycles that like ly reflect local 
environmental seasonality, whereas smaller spot sizes more clearly record minor, high-
frequency Mg/Ca cycles that seem to be intimately linked to the internal growth pattern of 
the coralline red alga. 
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CHAPTER 
IV 
Growth and chronology of the 
rhodolith-forming, coralline red 
algal species Sporolithon durum 
from the tropics 
Keywords: CCA, extension rate, radiocarbon, seasona l pattern 
Man uscript published as: Darrenougue N. (70%), De Deckker (12%), P., Payri C. (5%), 
Eggins S. (8%), Fallon S (5%). 2013. Growth and chronology of the rhodolith-forming, 
coralline red alga Sporolithon durum. Marine Ecology Progress Series 474, pl0S-119. 
Numbers after each author's name refer to the percentage of their respective contribution 
to this paper. 
Abstract 
We report extension rates and growth patterns of the coralline red algal species 
Sporolithon durum (rhodolith form) from New Caledonia. Alizarin red S staining was used 
to mark 43 rhodolith branches and helped determine extension ~ates over the rhodoliths 
last living year. A combination of radiocarbon dating, major Mg/Ca-cycles and growth 
band determinations provided a chronological approach to characterise extension rates 
for five branches over the last five decades. A seasonal asymmetry in the extension rates is 
observed, with higher extension during the austral summer-fall-winter period, indicating 
that variations in ambient seawater temperature are not of major influence in the seasonal 
growth pattern of 5. durum. At the sub-seasonal level, minor growth bands were observed 
with a maximum frequency of a fortnight but were too variable to be considered as a 
reliable chronological tool. The concordance of the results from both the monitoring 
experiment over the 2010-2011 year and the chronological approach applied to the 1968-
2008 period suggests that an average extension rate of 0.6 ± 0.2 mm y-1 is typical of the 5. 
durum community at the site. However, annual extension rates vary considerably between 
branches and individuals. Long-term trends still appear, such as a decrease during the 
early 1970s attributed to the impact of mining activity. A slight but consistent decrease is 
observed in the annual extension rates throughout the record and may reflect an 
ontogenic effect potentially enhanced by reduced light penetration due to increasing 
suspended particulate matter in the water column. 
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IV-1 Introduction 
Rhodoliths are unattached nodules essentially composed of calcareous coralline red 
algae. As they grow, deposits of calcium carbonate form a calcareous skeleta l structu re 
that can be preserved after the death of the alga e and may accumulate, along with the 
skeletons of other organisms of the same community, over thousands of years (Freiwald, 
1991; Basso, 2012). Fossil coralline red algae occur in the geological record since the 
Cretaceous (Aguirre, 2000). The modern distribution of these organisms spans all 
latitudes, from the tropics to the poles, and ranges from the intertidal zone down to the 
limit of the photic zone (Foster, 2001). The major contribution of coralline red a lgae to 
reef building, in tropical as well as extra-tropical regions, has been recognised in 
numerous studies (e.g. Borowitzka, 1983; Littler and Littler, 1988; Foster, 2001; Schafer et 
al., 2011; Basso, 2012). In the tropics, coralline red algae are often associated with coral 
reefs where their calcareous skeletons provide the cement that is crucial for consolidating 
the reef structure (e.g. Steneck, 1997; Payri, 1997; 2001). 
Early studies focused mainly on the ecology and the taxonomy of corall in e red algae 
(see Adey and MacIntyre, 1973; Bosence, 1983b for reviews). In recent years, interest has 
arisen in using these organisms as environmental archives because of their global 
distribution and their slow growth rates (between 0.01 and 2.7 mm y·1; Foster, 2001; 
Bohm et al., 1978) associated w ith the thick crusts they form (up to several cm). The 
geochemical composition of the coralline algal skeleton has been shown to record various 
environmental parameters (in particular, Mg/Ca variations can record changes in 
seawater temperature at sub-annual resolution over decades to centuries; Halfar et al., 
2000; Kamenos et al., 2008, Hetzinger et al., 2009; 2011; Kamenos, 2010; but see also 
Frantz, 2000; Halfar et al., 2007, Williams et al., 2011, Chan et al., 2011). Calcification 
changes have also been used for enviro nm ental reconstruction (Halfar et al., 2011a-b; 
Burdett et al., 2010), as various species of coralline red algae display calcification rates 
varying with environmental conditions, in particular light and seawater temperature (e.g. 
Foster, 2001; Kamenos and Law, 2010). 
In seasonally contrasted regions, annual cycles in calcification can be observed as 
couplets of light and dark bands characterised by short, heavily calcified ce lls usually 
produced during the winter months and longer, less calcified cells produced in summer 
(e.g. Basso, 1994, 1995; Halfar et a l., 2008; Kamenos and Law, 2010), a property useful in 
establishing chronologies for palaeo-environmental reconstructions (e.g. Burdett et al., 
2010). This occurs along with changes in Mg content of the coralline red alga l ca lcite 
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skeleton, covarying with seawater temperature, which result in well-defined Mg/Ca 
annual cycles (Hetzinger et al., 2009; 2011; Chan et al., 2011). In addition to the major, 
annual banding, several coralline red algae species display higher-frequency minor bands. 
The cause of these sub-annual bands remains uncertain, although they have generally 
been interpreted either as marking growth cessation (Cabioch, 1966) or as representing 
approximate monthly or lunar cycles (Agegian, 1981; Freiwald and Henrich, 1994; Blake 
and Maggs, 2003). The growth rate and pattern of coralline red algae vary, both from 
species to species (Blake and Maggs, 2003) and with various environmental conditions 
(Adey and McIntyre, 1973; Foster, 2001). Therefore, it is crucial to evaluate these 
parameters for any particular species prior to attempting palaeo-environmental 
reconstructions. Furthermore, a better understanding of the growth rate and pattern of 
coralline red algae is a key to assess how these organisms will be affected by global 
climate changes in the Future. 
Sporolithon durum (Foslie) Townsend & Woelkerling is a widely distributed coralline 
red algal species belonging to the recently recognised order Sporolithales (Le Ga ll et al., 
2010; Bittner et al., 2011). S. durum occurs either as attached or as free-living forms, from 
the tropics to temperate oceanic environments (e.g. Townsend et al., 1995; Womersley, 
1996; Goldberg and Heine, 2008; Basso et al., 2009). Previous reports on modern, 
individual rhodoliths with a potential lifespan of several decades ( e.g. Goldberg and Heine, 
2008) indicate this species may be a suitable candidate for environmental reconstructions 
with sub-annual resolution. However, accurate growth rates and pattern information on S. 
durum have not previously been determined. 
Accordingly, this study aims to characterise the extension rates and growth patterns of 
S. durum, through in situ monitoring of rhodoliths in a tropical environment and by 
establishing multi-approach chronologies for nodules collected from the same rhodolith 
bed. It is the first time this type of study is conducted for the coralline red a lga l order 
Sporolithales. 
IV-2 Material and methods 
IV-2.a Study site and sample collection 
The rhodoliths studied here were collected nea r Noumea, by SCUBA diving on the outer 
edge of the Ricaudy Reef (22°18'57"S; 166°2 7'26"E) in the SW lagoon of New Caledonia, at 
depths ranging from 4 to 5 m (Figure IV-1) . The climate of New Caledonia is characterised 
by a tropical regime with pronounced seasonal variation from a hot and wet summer (Jan-
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Mar) to a cool and humid winter (Jul-Aug), with drier weather occurring during the 
inte rm ediate months (Apr-May and Sep-Dec) . On an inter-annual timescale, the climate 
system is mainly influen ced by the El Nino Southern Oscillation (ENSO) phenomenon, with 
typically cooler and drier periods during El Nino events and warmer and wetter periods 
during La Nina events (Nicet and Delcroix, 2000). Seawater temperatures closely follow 
th e atmospheric temperatures at seasonal and inte r-annual scales. 
The studied rhodoliths are monospecific and formed by the coralline red alga S. durum 
that was identified using hi stological analyses as the most abundant species at the site, 
and which forms beds that can entirely cover the substratum . The sampled rhodoliths are 
spheroidal in shape with thick and dense branches ("degree IV" branching structure 
according to the classification of Bosence (1983a)). The nodules range in size from -4 to > 
8 cm (long ax is), and are representative of the S. durum rhodoliths observed at the site. 
A 
D 
AUS New Caledonia 
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Noumea D 
8 164" E 165" E 166" E 167" E 168" IC 
SST/SSS -
instrumental data D t 
Ricaudy Reef 
/ 
Coulee River 
(~2 km) 
5 km 
Figure IV-1 Location maps showin_g New Caledonia in the tropical Western Pacific (A), Noumea, the capital city (B) and the Ricaudy Reef, at the south end of the Sainte Marie Bay, near Noumea (C). The site of instrumental sea surface temperature (SST) and salinity (SSS) measurements is also shown in C, as well as the direction and distance to the Coulee River mouth. 
Over 60 rhodo liths were collected in February 2011 and were used for the growth-
monitoring exper im ent. For the chronology and extension rate determination of entire 
nodules, three rhodoliths were selected from separa te dives in October 2009 (labelled 
specimen BSA) and February 2011 (labelled specimens MSA and SSA) as being the largest 
and visu ally healthiest (i.e. bright pink in colour and physically undamaged) specimens 
encountered during the dives. 
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IV-2.b Monitoring experiment 
IV-2.b.1 Staining, experimental conditions and sample preparation 
The specimens collected for the monitoring experiment were placed for 48h in tanks, 
each conta ining -10 litres of seawater from the Ricaudy Reef, in which 75 mg of Alizarin 
Red S powder was dissolved (adapted method from Payri (1997)). After staining, the 
rhodoliths were placed back into their natural environment, inside a -lxl m enclos ure 
built within the rhodolith bed (4-5 m-deep), for the duration of the experiment (FigurelV-
2A). A TinyTag TG-4100 Aquatic 2 temperature logger was attached to the enclosure to 
monitor hourly in situ temperature (1ST) in the immediate vicinity of the organisms. in situ 
temperature recording using this device started in November 2009. All the stained 
rhodoliths were retrieved in August 2011, after 196 days (28 weeks) in the enclosure. 
Based on the size range of the stained rhodoliths, seven representative nodules were 
selected, oven dried ( 40°C) and set into resin to preserve the fragile branching structure 
during the sectioning process. Thick sections (2-5 mm) were cut along the long axis of the 
nodules using a diamond rock-saw. High-resolution photographs of the polished sectio ns 
were obtained using a Digital Sight OS-Fil digital camera attached to a Nikon AZlOO 
optical microscope (Figure IV-2B-C). 
IV-2.b.2 Growth determination 
Based on the definitive presence of the ARS stain layer (see Figure IV-2C), 43 branch 
tips from the seven selected rhodolith s were analysed for their extension rate and growth 
pattern (Table IV-Sl). High-resolution digital images were processed using the Image) 
version 1.45 digital analysis software (available as freeware at http://rsbweb.nih.gov/ij) 
to measure growth with a precision of 1 µm. Measurements were systematically taken 
a long the axis of branch main growth, pe rpendicular to cell alignment, so the maximum 
extension rate cou ld be obtained. The distance from the pink Alizarin-stained layer to the 
surface layer of each branch tip was attributed to the growth during the 28-week 
monitored period (Feb-Augll). 
Annual growth rates were determined using the outermost Mg/Ca cycle recorded along 
each branch that was measured by laser ablation inductively coupled plasma mass 
spectrometry (LA-ICPMS - see e.g. Eggins et a l., 1998) with a 30 µm resolution 
corresponding to a sub -monthly sampling. Based on the observed covariance between 
Mg/Ca variations and seawater temperature in coralline algae (e.g. Halfar et a l., 2000; 
Kamenos et al., 2008; Hetzinger et a l., 2009), we were ab le to link the lowest Mg/Ca va lues 
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to the months with the lowest temperature of the last 13 months (July 2010 and August 
2011). The distance corresponding to this 13-month period for each branch was then 
linearly transformed to obtain 12 months, annual growth rates. 
The minor banding was determined visua lly from digitised high-resolution images by 
the alternation of clea r and darker layers of cells (Figure 1V-2C). The number of minor 
bands from the stained layer to the surface of the branch was reported for the Feb-Augll 
period, and the number from the penultimate lowest value of the Mg/Ca cycle to the 
stained layer was attributed to the jull0-Febll period. The average length of the minor 
bands was calculated from the distance measured for each period and the corresponding 
observed number of minor bands. 
Figure IV-2 Monitoring experiment and growth rate determination. A: Rhodolith enclosure (~1 x 1 m) at the Ricaudy Reef. Photograph taken 2 days after staining (February 2011 ). B: Epoxy block sectioned across the long axis of a monitored rhodolith (mostly white in colour}, showing the branch-tips analysed (black ticks with numbers). Scale bar: 2 cm. C: Close up of the R1-4 branch tip, showing the Mg/Ca va riations recorded by LA-IC PMS. The arrow points to the Alizarin red S stain layer (pink layer), which corresponds to February 2011. The top of the branch is August 2011 and the following lowest Mg/Ca peak was attributed to July 2010. Minor bands are indicated by the black half-boxes. 
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IV-2.b.3 Back-scattered electron (BSE) images 
To characterise the growth pattern of S. durum at the cellular level, we used the Cameca 
SXl 00 electron microprobe at the Research School of Earth Sciences (RSES) of the 
Australi an National University (ANU) to obtai n back-scattered electron (BSE) images. The 
BSE images were captured from a 1-µm polished, carbon coated thin section of a rhodo lith 
branch. 
IV-2.c Chronology and extension rate of entire nodules 
The sample preparation for the BSA, MSA and SSA rhodoliths is identical to the one 
mention ed for the analysis of the monitored specimens (section lV-2.b.l). As no obvious 
mark of cessation of growth (i.e. green algal levels or sign of breakage) was observed in 
any of the rhodolith thick section, we considered the organisms to have grown 
continuously throughout their living period. 
/V-2 .c.1 Radiocarbon doting 
10 mg samples of the rhodolith's carbonate skeleto n were obtained by drilling along 
two branches si tuated on the long (BSA_L - Figure IV-3A) and short (BSA_S) axes of the 
BSA nodule. Every hole was 1-2 mm in diameter and was drilled with a 2-3 mm step from 
top to bottom along the branches. Radiocarbon measurements were carried out at the 
ANU, using the single stage accelerator mass spectrometer (SSAMS) facility (Fallon et al., 
2010). The CO2 was liberated from the carbonate samples by addition of phosphoric acid 
to vacuum-sealed blood vials, the CO2 was then reduced to graphite using a Fe-catalyst in 
the presence of hydrogen (Vogel et al., 1987). IAEA C-1 marble (14C free) was used for 
background subtraction. Results are presented in pMC (percent Modern Carbon). The data 
analysis software AnalySeries (Paillard et al., 1996) was used to fit the pMC values to the 
calibrated pMC curve obtained by Fallon et a l. (2003) for a coralline sponge from Va nuatu, 
following the atomic bomb curve from the 1950s. Similarities in the oceanography of the 
Vanuatu and New Caledonia regions, both located at the northwestern edge of th e South 
Pacific gyre, likely produced similar trends in th e variations of the oceanic 14C enrichment 
in the area after the atomic bomb tests, thus making the Fallon et al. (2003) calibration 
suitable to our study. This fitting method, which does not require any reservoir effect 
correction, is commonly used to establish age models for modern (i.e. post 1950) samples, 
when the sampling resolution is sufficient (e.g. Frantz et a l., 2000 for a rhodolith). 
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Due to the relatively large amount of carbonate material needed to perform the 
radiocarbon analysis, in conjunction with the generally slow growth rate of coralline red 
algae, the sampling technique is likely to be responsible for an uncertainty close to one to 
two years on every date. The analytical errors on the pMC values averaged 0.3%. This, in 
combination with the small pMC variations recorded after the bomb sp ike for the Vanuatu 
sponge (Fallon et al., 2003), leads to an additional date uncertainty of a couple of years 
based on the curve-fitting process. Overall, we estimate the age uncertainty of each 
radiocarbon date to be higher than 1 year but to not exceed 5 yea rs. 
IV-2.c.2 Band counting and Mg/Ca cycles 
The radiocarbon chronology for the BSA rhodolith was compared to an independent 
chronological approach mainly based on the determination of the seasonal Mg/Ca cycles 
along each branch (Figure IV-3A-B), as previously used for various species of coralline red 
algae (e.g. Hetzinger et al., 2009, 2011; Gamboa et al., 2010). With the a id of the 
AnalySeries software (Paillard et al., 1996), we used the low points in Mg/Ca cycles as 
anchor points that were matched to the coolest months of successive years in the SST 
record. The distance between two anchor points determines reported annual extension 
rates. 
Using a 30-µm diameter spot for the LA-ICPMS analysis of rhodoliths, we achieved a 
sub-monthly resolution. However, despite efforts to cut a sampling surface exactly parallel 
to the main axis of growth, the three-dimensional complexity of the branches' structure at 
high resolution may lead to bands that appear compressed or stretched. This, in addition 
to other potential factors influencing seasonal and sub-seasonal Mg/Ca distribution and 
variability in the analysed S. durum rhodol iths (full details will be reported in a separate 
communication; Darrenougue et al., in prep), sometimes prevent from distinguish clear 
minima in the Mg/Ca variations. In such cases, the identification of major, annua l bands on 
the high-resolution photographs confirmed the boundaries of the seasonal cycles. It has to 
be noted that the major, annual banding was not always clear (e .g. Figure 38), however, 
using both the major banding and the major Mg/Ca cycles enabled us to compensate for 
the uncertainty bound to either method. As a result, we estimate the age uncertainty of 
this model to be no more than a year. 
IV-2.d Environmental dataset 
Meteo France and the lnstitut de Recherche pour le Developpement (!RD) provided 
monthly records of local sea surface temperature (SST), global solar radiation, rainfall and 
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wind strength for the 1960-2011 period. The Direction des Mines et de l'Energie de 
Nouvelle Caledonie (DIMENC) provided the annual mining production data the for 
duration of the mining activity in the Coulee region. 
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IV-3 Results 
IV-3.a Monitored rhodoliths 
IV-3.a.1 Seasonal growth pattern 
Measured growth from the Alizarin stain to the surface of each of the 43 branch tips 
ranges from 0.146 and 0.894 mm and averages 0.452 ± 0.176 (lo) mm (Table lV-S1). This 
corresponds to a growth range of 33% and 80%, respective ly, of the total JullO-Febll 
growth period, with an average of 65 ± 12%. With the exception of a few branches (mainly 
belonging to the R2 rhodolith), the greates t rhodolith growth in the last 13 months 
occurred during the Feb-Augll period (Figure lV-4). Both the linear and logarithmic fits 
between measurements of the latter two periods display highly significant correlation 
coefficients (r2 = 0.72 and r2 = 0.82, respectively; p < 0.0001) indicating covariance 
between the proportion of growth occurring in Feb-Augll and annual extension rates. 
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Figure IV-4 Scatter plots showing the relationship between the distances measured for the Feb.Aug11 growth period and the fraction of that growth over the Jul1 0-Aug11 period. Black dots are ind ividual measurements and white circles are averages for each rhodolith . Linear (red) and logarithmic (blue) fits and equations are also displayed along with the respective correlation coefficients. 
The asymmetrical seasonal growth pattern recorded for 5. durum and the patterns of 
the stud ied environmental parameters do not correspond, as the latter globally display no 
significant differences (within error) between the JullO-Febll and the Feb-Augll periods 
(Figure IV-5). 
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Figure IV-5 Comparison between the average of various environmental parameters recorded either at the 
study site (in situ temperature: 1ST) or for the nearby Noumea station (global radiation , rainfall 
anomaly and wind speed - data from Meteo France) and the average extension rates (red) for the 
periods Jul10-Feb11 and Feb-Aug11. Shaded areas are ±1o over each of the two latter periods for 
each environmental parameter based on the mean monthly data (also displayed as thin lines) and 
the variable extension rates recorded in the 43 measured branches for these two periods. 
The number of minor, sub-annual bands for the Feb-Augll period ranges from 3 (R2-2, 
R2-4, R4-1 and RS-2) to 14 (Rl-2 and Rl-5), half of which fall within 6 and 12 (Table lV-
S1). The average length of the minor bands occurring between February and August 2011 
is 0.049 ± 0.009 mm and individual values range between 0.030 and 0.070 mm, for the RS-
1 and R1-7 branches, respectively. For the JullO-Febll period, less minor bands are 
generally observed than for the Feb-Augll period. 3 to 9 bands typically occur in each 
branch. These minor bands also appear to be slightly shorter, with an average length of 
0.039 ± 0.007 mm and a range of0.023 (R7-5) to 0.054 mm (Rl-1- Table lV-S1). 
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Th e close up optical image, as wel l as its corresponding SEM image show that the 
min or, sub-annual bands are composed with the alternation of cells with different lengths 
and degrees of calcifica tion. One or more cell rows can form a sub-annual band (Figure JV-
6). 
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Figure IV-6 Optical image (A) and corresponding back scattered electron (BSE) image (B) of a portion of 
rhodolith branch where the minor banding is clearly visible (das hed lines) and consists of the 
alternation of small, heavily calcified cell layers and longer, less calcified ones. Also note the general trend from small , heavily calcified cells at the bottom of the SSE image towards longer, less calcified cells at the top of the image, which constitutes the major banding pattern . Scale bar: 200 µm . The growth direction of the specimen is from the bottom to the top of the images. 
/V-3.a.2 Annual extension rates 
The measured exten sion rates for the 20 10-20 11 yea r are reported in Tab le JV-S1, with 
the distribution and summary statistics presented in Figure JV-7 (n = 43). Extension rates 
range from 0. 267 to 1.053 mm y·1 and average 0.622 ± 0.170 mm y·1, with 50% of the 
values occurring between 0.493 and 0.720 mm y·1. 
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Figure IV-7 Cumulative probability and distribution plots of annual extension rates recorded for the monitored 
rhodoliths. The blue histograms show the number of branch tips with annual extension sorted in 
bins of 0.1 mm, from 0.2-0.3 to 1.0-1.1 mm. The step plot (red line) display the cumulative 
distribution function of the extension rates versus the cumulative probability measured from the 
43 tips. The white box at the bottom of the bar chart illustrates the statistical moments of the 
series right table): the edges of the box are the 25% and 75% quartiles , the line inside the box is 
the median value and the blue diamond represents the average, with the vertical diagonal being 
the average va lue and the edges of the horizontal diagonal being the lower and upper 95% mean 
values. 
IV-3.b Entire rhodolith specimens 
IV-3.b.1 Radiocarbon doting 
Radiocarbon results for the BSA_L and BSA_S branches are presented in Figure lV-8 and 
Table lV-1. pMC values for the BSA_L branch show a steady decrease from 114.9 ± 0.3 in 
the sample nearest to the start of growth, to 109.1 ± 0.4 at the top of the branch. pMC 
values for the BSA_S branch increase sharply from 103.8 ± 0.3 to 113.9 ± 0.3 close to the 
centre of the rhodolith, then, as for BSA_L, steadily decrease to a value of 107. 7 ± 0.3 near 
the top of the branch. The sharp increase and then s low decrease in the BSA_S branch pMC 
values matches the evolution of the atomic bomb spike in the South Pacific region, from 
the late 1950s to the early 1970s, also recorded in corals ( e.g. Toggweiler et al., 1991; 
Guilderson et al., 2000) and sponges (Fallon et al., 2003). The BSA_L pMC values do not 
record this sharp increase and therefore, the oldest radiocarbon date is considered to be 
younger than 1970. 
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Figure IV-8 Radiocarbon age model for 2 branches of the BSA rhodolith based on a previously age-calibrated coralline sponge from Vanuatu (Fallon et al., 2003). The horizontal error bars on the rhodolith 's 
radiocarbon data correspond to the size of the sampled material (1-2 mm along the branch , corresponding to 1-4 years interval - see text for more info}. pMC: percent modern carbon. 
Sample # Dista nee from top I Percent Modern I Calibrated (mm) Carbon (pMC) Date 
BSA_L 
2.9 ±0.7 109.07 ±0.41 2007 
2 11.7 ±0.9 109.56 ±0.33 1996 
3 14.7 ±1.5 110. 78 ±0.28 1991 
4 19.6 ±0 .9 112. 70 ±0.30 1986 
5 21.2 ±0.8 113 .15 ±0.32 1984 
6 23.2 ±0. 7 112.58 ±0 .31 1981 
7 25.5 ±0.6 113.37 ±0.33 1978 
8 28.0 ±0.6 112.94 ±0.28 1975 
9 28.9 ±0.6 114.00 ±0.28 1974 
10 30. 7 ±0 .6 114.86 ±0.34 1972 
BSA_ S 
2.4 ±0.8 107.67 ±0.26 2009 
2 4.6 ±0.9 107 .70 ±0.27 2005 
3 7 .1 ±0.4 109 .62 ±0.25 1995 
4 9.9 ±0.9 110 .82 ±0.31 1990 Table IV-1 Radiocarbon results for 5 13 .7 ±1.0 111.47 ±0.26 1981 BSA_L (long axis) and 
BSA S (short axis). 6 16.0 ±0. 7 112.83 ±0.27 1976 Calibrated dates were 
7 18 .3 ±0.6 113.87 ±0.26 1972 determined using the AnalySeries computer 
8 21.0 ±0.6 101.84 ±0.31 1965 program (Paillard et al., 
1996. Typical uncertainty 9 23 .1 ±0. 7 103 .19 ±0 .27 1964 on calibrated dates is < 5 
10 25.6 ±1.0 103 .8 1 ±0.26 1963 years (see text for 
details). 
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The radiocarbon chronology gives an oldest date of about 1972 for the BSA_L branch 
(long axis) and of abou t 1963 for the BSA_S branch (short axis) of the same s pecimen 
(Figure lV-8). This age difference can be explained by the difference in sampling locations, 
the BSA_L branch not being sampled down to the absolute centre of the rhodolith, unlike 
for the BSA_S branch. 
Regardless, considering the different branch lengths, these two series of dates imply 
distinct extension rates. The average annual extension rate along the long axis (BSA_L) is 
0.8 mm y·1, whereas along the short axis, it is 0.5 mm y· 1. 
IV-3.b.2 Mg/Ca cycles and major growth bands 
The radiocarbon chronology established for the BSA specimen is supported by the 
Mg/Ca-cycles and major-bands counting approach. Th e oldest record for the BSA 
rhodolith is 1963 for the BSAl branch (corresponding to the BSA_L branch). The two 
other branch es of the BSA specimen date to 1965 for BSA2, corresponding to the BSA_S 
branch and 1964 for BSA3. The agreement betwee n these dates indicates an age of -46 
years for the BSA rhodolith. Mg/Ca-cycles and major-bands counting gives an age of 48 
years for the MSAl branch and an age of 49 years for the SSAl branch, with a n oldest date 
of 1962. 
The ann ual extens ion rates for the BSA, MSA and SSA rhodoliths, measured along 5 
branches for the 1963-2010 period ranges from 0.19 to 1.24 mm y- 1 with an average of 
0.64 ± 0.23 mm y-1 (n = 227; Table 1V-S2). For each branch annual extension rates 
averaged over their respective living period, are 0.78 ± 0.25 mm y-1 (BSAl), 0.50 ± 0.19 
mm y·1 (BSA2), 0.66 ± 0.25 mm y·1 (BSA3), 0.66 ± 0.20 mm y 1 (MSA) and 0.61 ± 0.19 mm 
y-1 (SSAl) (Table lV-2). 
Annual extension rate BSA1 BSA2 BSA3 MSA1 SSA1 
(mm yr" ' ) (n =45) (n = 43) (n = 44) (n = 47) (n = 48) 
Average 0.75 0.49 0.66 0.66 0.62 
Stdev 0.29 0.19 0.25 0.20 0.21 
Table IV-2 Average and standard deviation of annual extension rates measured for 5 different rhodolith 
branches over the 1963-2011 period using the combination of major growth banding and Mg/Ca 
cycles. n: number of years for each branch. See Appendix 2 for full dataset. 
Annual extension rates vary widely among the 5 measured branches (Figure IV-9; 
Table IV-3), with only the BSAl-SSAl pair showing a significant, albeit weak, corre lation at 
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th e 95% confidence interval (r = 0.34; p = 0.02). Despite this, a slightly decreas ing trend 
appears in the average extension ra tes over the last five decades and the early 1970s a lso 
display shorter annual extens ion rates fo r most of the branches (Figu re IV-9). 
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Figure IV-9 Annual extension rates along five rhodolith branches (thin lines) for the 1963-2010 period. Mean extension rates curve for the 1964-2008 period (thick red line), standard deviation (±1 o - shaded area) and the slightly decreasing trend line for the record (thin red line) are also displayed. For branch codes , refer to text. 
BSA2 
BSA3 
MSAl 
SSAl 
BSAl 
0.23 
0.21 
0.02 
BSA2 
0 .24 
-0.20 
0.34* 0.25 
BSA3 MSAl 
0.14 
0.00 -0.12 
Table IV-3 Correlation matrix for extension rates variations for the 1964-2008 period, between each rhodolith branch analysed . None of the correlations are significant at the 95¾ level (p > 0.05), except for * (p 
= 0.02). 
No significant co rrelation at the 95% confidence interval (p > 0.05 for all the 
corre lations) was obs erved between the annual data of 5. durum annual extension rates 
and any of the environmental parameters recorded in Noumea fo r the 1964-2008 (Figure 
IV-10). However, shorte r extension ra tes in the early 1970s are contemporaneous with 
the peak of mining activity in the Coulee region. 
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Figure IV-10 Comparison between the annual variations of the average rhodolith extension rates recorded for 
the 1964-2008 period at the Ricaudy Reef and various local environmental parameters measured 
for the Noumea meteorological station (data from ME!teo France). Trend lines of each parameter for 
the studied period are displayed. Global solar radiation data is on ly available since 1986 at the site. 
Annual mining production in the Coulee River region during the 1960-1981 period also appear. 
SST: sea-surface temperature. 
IV-4 Discussion 
IV-4.a Seasonal growth pattern in 5. durum 
Th e moni toring experiment revealed a general asymmetric seasona l growth pattern in 
S. durum with higher overall growth meas ured between the Feb-Aug 2011 period, 
associated w ith longer minor bands widths. Co nsequently, for the Jul l O-Febll per iod, 
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slower overall growth is observed as we ll as shorter minor bands. This is consistent with 
previous studies reporting that during faster (slower) growth periods, the cells formed by 
coralline red algae are generally longer (shorter), a lbeit presenting less (more) heavily 
calcified walls . It is that seasonal contrast in the ce ll length and calcification that form the 
recognisable major, annual banding in various species of coralline red algae (e.g. Moberly, 
1968; Basso, 2004; 2005; Halfar et al., 2000; Blake and Maggs, 2003; Kamenos and Law, 
2010; Burdett et al., 2010). 
The number of minor growth bands occurring during the Feb-Augll period is more 
than 7, in most cases. For this 28-week period, 7 minor bands could represent monthly (or 
lunar) cycles. Lunar cycles in the growth pattern have been proposed to occur in various 
species of coralline red algae (e.g. Moberly, 1968; Halfar et al., 2000; Blake and Maggs, 
2003). In this study, the minor banding consistently occurs at a higher frequency. The 
maximum number of minor bands for the 28-weeks, Feb-Augll period was 14 (for Rl-2 
and Rl-5), which corresponds to a fortnight frequency and could therefore be attributed 
to tidal cycles. Tidal cycles have never been observed in coralline red algal growth but as 
they are intrinsically related to lunar cycles (i.e. half a lunar cycle), it is not a surprising 
result. Furthermore, fortnightly growth patterns clearly appear in other marine organisms 
such as bivalve molluscs (e.g. Panella, 1976; Schone et al., 2003; Hallmann et al., 2011) and 
brachiopods (Hughes et al., 1988). However, the fact that this pattern appears clearly in 
only two of our samples merits cautious interpretation. In addition, for the Jul10-Feb11 
period, the maximum number of minor bands is 9. This excludes fortnightly cycles, yet the 
highest observed frequency is also sub-monthly. One explanation for the absence of a 
fortnightly pattern may reside in missing growth information due to the sampling process 
associated with the complex structure of the rhodolith branches or a regular overturning 
of the rhodoliths (see discussion below). However, if the observations accurately reflect 
the rhodolith growth pattern, they may reveal a temporally undetermined shift in the 
banding periodicity, from monthly to fortnightly. It is plausible that during times of slow 
growth, the minor banding is only observable every lunar cycle, whereas when growth 
conditions are more favourable, a tidally-influenced pattern may prevail. To our 
knowledge, such shift in the periodicity of growth increments has thus far never been 
reported for any marine organism and, then again, the inconsistency of our observations 
calls for a future monitoring study of S. durum at a sub-monthly frequency to more 
rigorously assess this hypothesis. 
The growth pattern that produces the annua l, major banding in S. durum is repeated at 
the sub-seasonal leve l to also form the minor banding (Figure IV-6). One to a few layers of 
each type of cells (i.e. short, heavily calcified and long, less calcified) appears to be part of 
the minor banding. Hence, single rows of cells might be formed as frequently as sub-
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weekly. However, the variability of this pattern precludes the determination of consistent 
periodicity for the deposition of a single row of cells. 
In summary, it appears that, unlike for bivalve molluscs (Panella, 1976; Schone et al., 
2003; Hallmann et al., 2011) and/or some brachiopods (Hughes et al., 1988), the sub-
seasonal, minor banding observed in this study for S. durum is too var iable to be 
considered as a useful chronological tool. 
IV-4.b S. durum ages and annual extension rates 
So far, the only previous dating of a S. durum specimen is given by Goldberg and Heine 
(2008) for rhodoliths from Rottnest Is land (Western Australia). Although these authors 
could not determine extension rates, their radiocarbon results estimated a maximum age 
for 3 specimens, ranging from 73 to 83 mm in diameter, to be 56 years old (post 1950, for 
a collection in 2006), which is consistent with our findings. 
The consistent average annual extension rate of 0.6 ± 0.2 mm y-1 indicated by both the 
in situ monitoring and the chronological approaches (n = 270) suggests that the presence 
of the enclosure had no significant effect on the rhodolith growth, and that the observed 
extension rate value is typical of the S. durum community at the Ricaudy Reef. This 
extension rate is of the same order as previously reported values for other coralline red 
algal species (Table IV-4) , albeit slightly higher than Foster's (2001) global average for 
rhodoliths (-0.4 mm y-1). To summarise Table 4, various species of Lithothamnion show 
annual extension rates ranging from 0.2 to 0.6 mm y-1 according to study location or 
chronological approach (Rivera, 1999; Frantz et al., 2000; Halfar et al., 2000; Kamenos et 
al., 2008, Schafer et al., 2011). In colder areas, regardl ess of the studied species, annual 
extension rates are generally lower (Chave and Wheeler, 1965; Halfar et a l. , 2000; 2007; 
2008; 2011a-b; Kamenos et al., 2008). We mainly attribute this to the temperature 
difference between these regions and the tropical waters of New Caledonia. However, 
environmental factors cannot always explain the differences (or similarities) in the 
extension rates of various species of coralline red algae, rather, it appears that an internal, 
species-specific effect so metimes prevail. For instance, the same extens ion rates are 
reported for Phymatholithon calcareum from a temperate (Spain; Adey and McKibbin, 
1970) and a cold-water environment (N. Ireland; Blake and Maggs, 2003). Conversely, 
Hydrolithon onkodes (Payri, 1997) and S. durum (this study) present very different 
extension rates in a shallow tropical environment (Table IV-4). 
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Growth/Extension Species Location 
(mmy(') Chronological method Authors 
Lithothamnion crassiuscu/um Gulf of California (Mexico) 0.6 ±0.1 Radiocarbon dating Frantz et al. (2000) 
0.63 ARS Rivera (1999) 
0.25 -0.45 Mg/Ca, 6180 Halfar et al. (2000) 
Lithothamnion glaciale Newfoundland (Canada) 0.25 - 0.45 Mg/Ca, o"O Halfar et al. (2000) 
Loch Sween (Scotland) 0.15-0.17 ARS, Mg/Ca, major banding Kamenos et al. (2008) 
Lithothamnion sp. Gulf of Panama (Panama) 0.16 Mg/Ca, major banding Shafer et al. (2011) Gulf of Chiriqui (Panama) 0.17 Mg/Ca, major banding Shafer et al. (2011) 
Clathromorphum nereostratum Aleutian Islands (United States) 0.30 ± 0.03 Radiocarbon dating Frantz et al. (2005) 
0.35 (0.19 - 0.65) Major banding, UfTh Halfar et al. (2007) 
Clathromorphum compactum Gulf of Maine (United States) -0.5 Mg/Ca Chave and Wheeler (1965) 
0.42 ± 0.08 ARS Halfar et al. (2008) 
Newfoundland, Quebec (Canada) 0.30 ± 0.08 Mg/Ca Halfar et al. (2010) 
Phymatho/ffhon ca/careum Isle of Arran (Scotland) 0.13-0.19 ARS, Mg/Ca, major banding Kamenos et al. (2008) Strangford Lough (N Ireland) 0.92 ARS Blake and Maggs (2003) Ria de Vigo (Spain) 
-0.9 Monthly, in situ growth measurements Adey and McKibbin (1970) 
Hydrolithon reinboldii Tahiti (French Polynesia) 0.37 ARS Payri (1997) 
Sporolithon durum Noumea (New Caledonia) 0.6 ± 0.2 ARS, radiocarbon dating , Mg/Ca, major banding This study 
Various rhodolith-forrning species Wo~dwide (depth <20 m) 
-0.4 Literature review Foster (2001) 
Table IV-4 Annual growth/extension rates reported in the literature for various modern species of coralline red algae across the world . For each study, the technique used to determine the growth is also indicated . ARS: Alizarin red stain monitoring; Mg/Ca: measurements of annua l, cyclic variations in Mg composition; l5180: measurements of annual, cyclic variations in oxygen isotopic composition; Major banding: counting of annual , major bands patterns. 
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IV-4.c Control s on the 5. durum extension rate variations 
Results from the monitoring experiment and from the chronological approach report 
extension rates for S. durum that can considerably vary for any given year, at different 
levels. The ellipsoidal shape of the S. durum rhodoliths may facilitate the overturning of 
the specimens about the long axis of growth. This would result in the parts at the opposite 
ends of the long ax is of the nodule being more prone to remain und er optimal living 
conditions throughout the growth period, whereas the remaining algal surface wou ld 
periodically face the substratum. Although coralline red algae have been shown to have 
the abi lity to survive and continue to grow in a shaded environment for relatively long 
periods (e.g. Scoffin et al., 1985; Freiwald and Henrich, 1994; Bulleri, 2006, Underwood, 
2006; Basso, 2009), Dethier and Steneck (2001) showed that the shaded growth rates are 
generally lower than the ones exposed to direct light. In our case, lateral accretion of the 
nodules would be favoured most of the time, resulting in extension rates being greater 
parallel to the long ax is of the rhodoliths relative to the short axis (see BSA_L/BSAl versus 
BSA_S/BSA2) . Therefore, ir regular overturning of the nodules could play a significant ro le 
in expla ining the extension rates va riabil ity observed within the same rhodolith specimen. 
Episodic burial into the sediment might also slacken the rhodolith growth for variable 
periods of times, without necessarily stop ping it (e.g. Freiwald and Henrich, 1994) . This 
could account for some of the inter-rhodolith variability. Genetk variability resulting in 
individualised responses to the environment might also contribute to the inter-rhodolith 
variabil ity 
The complex branch structure and three-dimensional growth pattern of the rhodoliths 
may also provide a potential explanation for the reported extension rate variability along a 
si ngle S. durum branch. It has been recognised that the sectioning process of a rhodolith 
branch could lead to the measurement of slightly shorter or longer extension rates than 
the actual linear extension rate of the organism along its ax is of main growth ( e.g. Halfar et 
al, 2000, 2010; Burdett et al., 2010; section IV-2.c.2). Using attached forms of coralline red 
algae could reduce th is type of va riability (Halfar et al., 2000; 2011a). Unfortunately, no 
attached form of S. durum is encountered at the Ricaudy site (N. D. and C. P. personal 
observations). 
In spite of the significant variability in extension rates reported for S. durum in this 
study, overall, common trends in the growth pattern still stand out. 
At the seasonal level, it was unexpected that highest rhodolith growth consistently 
takes place between the months of February and August, which corresponds to the austral 
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summer-fall-winter. Indeed, other coralline red a lgal studies generally present higher 
growth rates during the spring-summer period ( e.g. Moberly, 1968; Hal far et al., 2008). 
Spring and summer in New Caledonia are also the most favourable seasons for 
phytoplanktonic algal blooms (Rodier and LeBorgne, 2008) and benthic primary 
production (Clavier and Garrigue, 1999). Ambient seawater temperature does not explain 
the contrasted seasonal growth pattern of S. durum as the !ST at the monitoring site 
between the ]ull0-Feblland the Feb-Augll periods remains virtually constant (Figure IV-
S). Seasonal contrast in global solar radiation at the site is also to be ruled out in the 
explanation of the growth pattern observed here (Figure IV-5). A potential factor on 
slower growth in spring is the record of higher wind velocity (Figure IV-5) that may 
contribute to an increased resuspension of particles in the water column ( e.g. Ouillon et 
al., 2010), leading to a reduced light penetration through the water column. Internal 
biological factors are also likely to play a large role in the control of the seasonal growth 
pattern of 5. durum, however, their determination was beyond the scope of this study. 
The absence of correlation between the annual variations of the average extension rate 
recorded for the rhodoliths and the local environmental parameters for the 1964-2008 
period (Figure lV-10) was to be expected due to the high variability of extension rates 
displayed by the analysed branches. However, in the longer-term trends, it appears that 
the slight decrease in rhodolith extension rate during the early 1970s might be related to a 
period of intense mining production in the Coulee River region starting in the early 1960s 
and ending in 1981 (Fernandez et al., 2006). This period of highest mining production (up 
to 3000 tons of extracted material _per year - Figure IV-10) was also coeval, to some 
extent, with increased rainfall over Noumea. Debenay and Fernandez (2009) determined a 
drastic change in the depositional regime in western Sainte Marie Bay (Figure IV-1) 
concordant with the intense mining activities in the Coulee River basin, likely caused by 
higher sedimentation rates. We suggest that an increased sediment load from the Coulee 
River into the lagoon might also explain the observed reduction of rhodolith growth 
during the mining activities due to higher turbidity of the lagoon waters leading to an 
effective reduction of the light penetration through the water column. However, 5. durum 
show higher, more stable extension rates only a few years after the perturbation, when the 
sediment load transported by the Coulee River is likely to have remained high (Fernandez 
et al., 2006), suggesting the ability of S. durum to overcome periods of reduced irradiance 
(as previously suggested for other coralline red algal species, e.g. Wilson et al., 2004) . 
The slight decrease in average S. durum extension rates over the last five decades might 
be result from a stress caused by the slight temperature rise (Figure IV-10), however, this 
is in contradiction with several studies showing that higher temperatures, as well as 
increased light intensity as observed here with the solar radiation (Figure IV-10), have a 
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positive effect, if any, on coralline red a lgal calcification and growth (Kamenos and Law, 
2010; Dethier and Steneck, 2001). The observed decrease in extension rates may also 
reflect an ontogenic effec t in S.durum. An ontogenic effect in coralline red algae was 
thought to be absent. Coralline red algae are thought not to suffer from any ontogenic 
effect (e.g. Halfar et al., 2007; 2011a; Wanamaker et al., 2011; Williams et al., 2011), 
however, from our observations, such an effect that results in extension rates being slower 
as the organism ages cannot be ruled out for S. durum. In addition, the in creasing trend of 
wind-strength recorded over Noumea might have contributed to stronger wind-driven 
currents in the lagoon, thus favouring more sediment resuspension. The gradually 
increasing amount of particles in the water column may have reduced light availab ility for 
the rhodoliths, leading to a slight decrease in extension rates over the studied period. This 
is consistent with the propositions for the seasonal growth pattern observed in S. durum. 
This effect could have a lso been amplified by increased terrigenous inputs into the lagoon 
resulting from slightly increasing rainfall recorded over the stud ied period (Figure IV-10). 
IV-5 Conclusion 
We determined major (seasonal) and minor (sub-seasonal) growth patterns in S. 
durum rhodoliths from so uthwest New Caledonia through a staining experiment. The 
major, seasonal banding corresponds to the alternation of higher extension rates during 
the austra l summer-fall-winter period, and lower extension rates during the winter-
spring-summer months. This seasonal contrast is associated with a respectively longer 
and sho rter, sub-seasonal, minor banding. Minor bands, composed of two-to-several 
individual cell layers, were clearly observed and appear to have a maximum periodicity of 
a fortnight. However, as this fortnightly periodicity could not be characterised in the 
majority of the analysed branches, especially during periods of slower growth, we 
consider the minor bands in S. durum rhodoliths to be too variable to represent a reliable 
chronological tool. 
Typical extension rates for the S. durum community average 0.6 ± 0.2 mm y- 1, which is 
in good agreement with reports for other coralline red algal species in the literature. 
Extension rates of S. durum rhodoliths present a considerable variability for any given 
year. However, common, longer-term trends in the inter-annual variations could be 
distinguished and related to environmental factors. Intense mining activities that occurred 
in the Coulee River basin until 1981 and peaked in the early 1970s appear to have had an 
adverse effect on rhodolith growth that lasted several years before recovery to higher, 
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more stab le extension rates. Although the slight decrease in rhodolith extension rate 
observed over the last five decades potentially reflects an ontogenic effect, it may also 
have been enhanced by a gradual reduction of light pen etration in the lagoon waters 
caused by an in crease in current-driven sediment resuspension and/or terrigenous inputs. 
No influence of the seawater temperature on the pattern or rate of extension in the S. 
durum rhodoliths, was observed, at any of the studi ed scales. 
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Table IV-S2: Annual extension rates (mm/yr) measured for 5 different rhodolith branches over the 1963-2011 period using the combination of major growth banding and Mg/Ca cycles. 
Year 65Al 6SA2 6SA3 MSAl SSAl 
2010 0.71 0.55 
2009 1.01 0.72 
2008 0.53 0 .67 0.48 0.82 0.48 
2007 0.46 0.48 0.46 0.46 0.61 
2006 0.81 0.57 0 .52 0.88 0.59 
2005 0.56 0.49 0 .59 0.43 0.62 
2004 0 .68 0 .51 0.34 0.42 0 .38 
2003 0.67 0.35 0.53 0.93 0.60 
2002 0 .73 0.45 0 .33 0.42 0.44 
200 1 0.72 0.53 0 .51 0.87 0.72 
2000 0.56 0.42 0.44 0.48 0.81 
1999 0 .87 0.46 0 .81 1.13 0.54 
1998 1.10 0.42 0.72 0 .69 0.75 
1997 1.22 1.04 0.51 0.79 0.88 
1996 0.90 0 .58 0.71 0.52 0.44 
1995 0.57 0.38 1.02 0.66 0 .53 
1994 0 .75 0 .39 0.37 0.84 0.40 
1993 1.02 0.24 0.66 0.52 0.66 
1992 0 .67 0.34 0.86 0.96 0.35 
1991 0 .78 0 .19 0.48 0.81 0.69 
1990 0.91 0.46 0 .65 0.84 0 .88 
1989 0.65 0.33 0.74 0.82 0.32 
1988 1.06 0 .20 0.94 0.88 0.62 
1987 1.09 0.62 0.37 0.49 0.47 
1986 0.77 0 .58 0.96 0.61 0 .55 
1985 0.99 0 .30 0.27 0.73 0.53 
1984 1.24 0.68 1.15 0.49 0 .62 
1983 1.03 0 .38 0.98 0.99 0.65 
1982 0.74 0.31 0 .67 0.65 0.64 
1981 1.07 0 .37 0 .71 0.53 0.69 
1980 1. 19 a.so 0.40 0.43 0 .68 
1979 0.71 0.53 0.58 0.48 0.58 
1978 0 .93 0 .98 0 .89 0.31 0 .94 
1977 0 .76 0 .57 0.41 0.52 1.20 
1976 1.02 0 .58 0.41 0.62 0 .54 
1975 0.46 0.50 0.52 0.65 0.61 
1974 0.41 0.70 0.71 0.80 0 .38 
1973 0.33 0 .28 0.27 0.71 0.76 
1972 0 .21 0.61 0 .65 0.59 0.28 
1971 0 .31 0.39 0.64 0.41 0.43 
1970 0 .60 0.52 0.97 0.51 0.49 
1969 0.69 0.34 0.61 0.78 0.49 
1968 0.99 0.63 0 .81 0 .28 0.76 
1967 0.74 0.63 1.18 0.76 0 .29 
1966 1.14 0.99 1.21 0.83 0 .90 
1965 0 .73 0 .82 0.54 1.11 
1964 0.93 0.52 0.63 
1963 0.68 
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CHAPTER 
V 
Seasonal patterns in trace elemental 
composition of coralline red algae from 
a tropical lagoon: environmental, 
biological and anthropogenic influences 
Keywords: Sporo/ithon durum, LA-ICPMS, aliza rin red S, seasonal pattern, temperature, metabolic 
activity, sediment resuspension, trace metals 
Abstract 
From the results of an alizarin red S-staining, growth-monitoring experiment, we used 
laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to investigate 
seasonal variations of Li, Mg, Al, P, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Ba, Pb and U, all 
normalised to Ca, in tropical Sporolithon durum coralline red algae, over a 21-month 
period. Pairwise correlation matrices were produced to characterise the reproducibility of 
each trace elemental record across 43 rhodolith branches. Mg/Ca, Sr /Ca and Li/Ca are the 
most reproducible, with 74 to 95% significantly cross-correlated records, strongly 
suggesting that their variations are largely controlled by factors acting uniformly across 
the Ricaudy Reef rhodolith bed. On the contrary, records of elemenhl ratios such as Al/Ca, 
Fe/Ca, Co/Ca or Pb/Ca are essentially dominated by individual variability. Possible caus es 
for trace element variab ility in S. durum rhodoliths a re discussed, among which, the 
critical role played by the organic phase for some trace elements. A hierarchical clustering 
based on the average rhodol ith records was carried out to determine similar patterns in 
elemental variations at a seasonal scale. Temperature changes are the main driver of 
Mg/Ca, Sr/Ca and Li /Ca var iations, with correlations of r=0.82 to r=0.91 (p<0.0001), over 
the November 2009-August 2011 period . Monthly variations in U/Ca are also closely 
related to temperature during the studied period (r=-0.84; p<0.0001). The faint seasona l 
pattern in P /Ca, Co/Ca, Cu/Ca, Zn/Ca, Rb/Ca and Ba/Ca was attribu ted to the result of an 
increase in biological activity of the benthic community in spring, in association with 
higher concentrations of these elements in the wa ter column due to wind-driven-current-
resuspension of particulate material. Finally, we propose that the higher concentrations in 
rhodoliths observed for Al/Ca, Mn/Ca, Fe/Ca, Ni/Ca and Pb/Ca may be related to 
anthropogenic, sediment-removal activities from a nearby area, where high 
concentrations of these metals in the marine sediment are the result of continuous 
terrigenous inputs from former mining sites. 
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V-1 Introduction 
In recent years, a new biological archive of extra-tropical environment has arisen in the 
form of long-lived, encrusting coralline red algae (Halfar et al., 2000; 2007; 2008; 2010; 
Kamenos et al., 2008; Hetzinger et al., 2009; 2011a,b; Burdett et al., 2010; Williams et al., 
2011; Chan et al., 2011). Coralline red algae are calcareous marine organisms that are 
globally distributed in coastal areas, from the tropics to the poles and from the inter-tidal 
zone down to the limit of the photic zone (e.g. Bosence 1983b; Foster, 2001; Nelson, 
2009) . These major carbonate producers (Borowitzka, 1983; Littler and Littler, 1988) 
have been present in the world's oceans since the Cretaceous (Aguirre et al., 2000), 
forming thick deposits in the geological record that may have accumulated over thousands 
of years (Freiwald et al., 1991). Modern representative of coralline red algae occur either 
as attached forms, encrusted on a hard substratum, or as free-living nodules, ca lled 
rhodoliths (Steneck, 1986; Foster, 2001). The high-Mg calcite that coralline red a lgae 
continuously form as they grow can be up to -20-cm thick (e.g. Littler et al., 1991, Adey 
and MacIntyre, 1973). This, in combination with a relatively slow growth rate that ranges 
from 0.02 to 2.2 mm.yr-1 (Biihm et al., 1978; Foster, 2001; Blake and Maggs, 2003), can 
lead to the potential retrieval of environmental information from coralline red algae 
spanning decades to centuries (Frantz et al., 2005; Halfar et al., 2007) 
One of the most commonly investigated sources of environmental information from 
var ious marine calcifiers is the ana lys is of the geochemical composition of their calcareous 
skeletons/shells. In particular, var iations in trace e lemental ratios such as Mg/Ca or Sr/Ca 
are reliab le seawater temperature proxies in foraminifera (Lear et al., 2000; Eggins et al., 
2003), corals (Beck et al., 1992; Alibert and McCulloch, 1997; Correge, 2006a) or bivalves 
(Klein et al., 1998). Similarly, temperature-controlled variations in U /Ca and Li/Ca have 
been demonstrated for corals (Fallon et al., 1999; Marriott et al., 2004). Other trace 
elements such as P /Ca, Mn/Ca or Ba/Ca can vary according to nutrient levels, biological 
activity or river runoff (Fallon et al., 1999; Alibert et al., 2003; Montagna et al., 2006). The 
impact of anthropogenic activities have also been recorded through increases in Mn/Ca, 
Zn/Ca, Pb/Ca and Cu/Ca concentrations in coral aragonite (Fallon et al., 2002; Runnalls 
and Co leman, 2003). 
A significant number of these studies used laser ablation inductively coupled plasma 
mass spectrometry (LA-ICPMS) because of the ability to simultaneously measure a wide 
range of chemica l elements at high resolution (e.g. Eggins et al., 1998). For coralline red 
algae, however, few published studies on the cold-water species have used LA-ICPMS 
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(Gamboa et al., 2010; Chan et al., 2011; Halfar et al. 2011) and only one aimed at 
characterising the seasonal pattern of various trace elements (Hetzinger et al., 2011a). 
This study focused on single crusts of coralline red algae and was limited to the 
investigation of Mg/Ca, Sr /Ca, Ba/Ca, and U /Ca. 
Here, we used LA-ICPMS to investigate high-resolution variations of 15 trace elements 
(Li, Mg, Al, P, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Ba, Pb and U, all normalised to Ca) in the 
skeleton of tropical specimens of Sporolithon durum rhodoliths. For each of the 43 
analysed rhodolith branches, a 21-month trace elemental record was measured. A basic 
statistical approach was employed to help determine the degree of elemental variability 
between all records, as well as to characterise common, seasonal pattern between the 
average records of the studied trace elements. Results were then compared to different 
environmental parameters recorded during the studied period in an attempt to better 
understand trace elements behaviour in S. durum rhodoliths at a seasonal scale. 
V-2 Material and methods 
V-2.a Rhodolith collection, staining and environmental dataset 
The seven rhodolith specimen s studied here were collected by SCUBA diving in early 
February 2011, from various sites in the Ricaudy Reef rhodolith bed (4-5 m depth), that 
spans -1 km 2 at the southern end of the Sainte Marie Bay, on the edge of Noumea, New 
Caledonia (22°18'57"S; l66°27'26"E - Figure V-1). Rhodoliths are exclusively formed by S. 
durum, the most abundant coralline red alga species at this site. Individuals range between 
-4 and >8 cm in diameter, show spheroidal shapes and a degree IV branching structure 
(see classification in Bosence, 1983a). 
Upon collection, rhodolith specimens were stained onshore using a lizarin red S (ARS), 
at a concentration of 7.5 mg 1-1 of seawater from the Ricaudy Reef, for a period of 48 h 
(adapted from Payri, 1997). They were then grouped in a -lxl m2 enclosure in their 
natural environment, where they were left to grow for 28 weeks prior retrieval at the end 
of August 2011. 
In situ seawater temperature for the rhodolith bed was recorded hourly for the entire 
period by a TinyTag TG-4100 Aquatic 2 data logger, attached to the enclosure since 
November 2009, at the beginning of the unsuccessful first attempt at rhodolith growth 
monitoring. Monthly averages of rainfall, global solar radiation and wind strength were 
recorded at the Faubourg Blanchot meteorological station of Noumea (-1-2 km from the 
Ricaudy Reef) and data for the November 2009-August 2011 period was obtained from 
Meteo France. Photosynthetically Active Radia tion (PAR), chlorophyll a (Chi a) 
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concentrat ions and coloured, dissolved organic matter (CDOM) data was obta ined using 
the Giovanni online data system, developed and maintained by the NASA GES DISC (Acker 
a nd Leptoukh, 2007), from MODlS-AQUA satellite images centred on the Ricaudy Reef area 
(Figure V-1). 
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Figure V-1 Location map of the Ricaudy Reef (red star), on the edge of Noumea, New Caledonia. The Sainte 
Marie Bay, Boulari Bay and the position of the Coulee River are also indicated on the bottom map. 
The green rectangle defines the area from which environmental, satellite data was recovered from 
MODIS images (see text for details). 
V-2.b LA- ICPMS analysis 
Rhodolith samples were dried, impregnated in araldite resin a nd cut in half to reveal 
sections of their branches (Figure V-2). After polishing, branches were photographed at 
high-resolution using a Digita l Sight DS-Fl digital camera attached to a Nikon AZl00 
optica l microscope, a t the Research School of Earth Sciences (RSES) of the Australian 
National University (ANU). 
From the branches w he re the alizarin stain was clearly determined visually (Figure V-
2), 43 were ana lysed by LA-I CPMS, using the RSES ANU ArF Excimer laser unit (Eggins e t 
al., 1998) combin ed to a Varian 820 quadrupole ICPMS. A 42-µm dia meter laser spot, 
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associated with a 5 J cm·2 e nergy a nd a pulse rate of 10 Hz sca nned the outermost -1.5-2 
mm of each branch along the ax is of main growth, at a speed of 5 µm s- 1. A pre-ablation 
run, using a bigger spot-size and higher speed, was systematically performed before every 
a nalytica l run so potential surfa ce contamin ation of the samples was avoided. 17 isotopes 
were analysed, w ith individual dwell times adding up to -1 s per measurement. The 
ana lytica l procedure followed the one described in Chapter Ill (this thesis), wi th a 
background acquisition a nd standard measurements bracketing sample measurements. 
Data reduction followed the one in Longerich et al. (1996). 43Ca was used as an internal 
standard to correct for the variable amount of materia l reaching the MS detector and the 
NIST SRM 612 refe rence material was used for calibration of the trace elements ratios, 
except for Mg/Ca, for which a dolomite marble of known composition was used for 
ca libration (see Chapter Ill - thi s thesis). Typical detection limits for each analysed isotope 
were: zsMg, 43Ca < 20 µg g·'; s,Fe < 10 µg g·l; 2• Mg, 31 p < 5 µg g·'; ss Mn, 60 Ni, 66Zn < 1 µg g·'; 
63Cu < 0.5 µg g·'; ' Li, 2, Al, S9Co, BS Rb, sssr < 0.1 µg g·' and JJBBa, ZOB Pb, 23B LJ < 0.05 µg g· ' . 
Mn/Ca (µmol.mol -1) Mg/Ca (mol. mol-1) 
0 0.05 0.1 0.15 0.2 0.3 0.4 
Figure V-2 A: Whole rhodolith specimens of the Sporolithon durum species collected in August 2011 from the 
Ricaudy Reef, New Caledonia. Scale bar: 3 cm. B : Cross-section of a rhodolith (R1) where the 
branching structure is clearly visible. The branches analysed by LA-ICPMS are numbered (1-9). 
Scale bar: 2cm. C:Close up on the R1-6 branch tip. The red arrow indicates the position of the 
alizarin red S stained-layer. The thick vertical bars, for which the major tick marks are 0.5 mm 
apart, represent the LA-IC PMS track. Full-resolution records of Mn/Ca and Mg/Ca measured by LA-
ICPMS (thin black lines) are also displayed. Note the cyclic pattern of the Mg/Ca record and the 
peak in Mn/Ca corresponding to the alizarin red S stained layer as well as the high concentration in 
the tissue layer. Scale bar: 0.5 mm. 
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Two of the 43 branches were reanalysed under the same conditions after the rhodolith 
specimen was treated with H2O2 in order to remove the organic phase from the skeleton. 
H2O2 treatment consisted in the immersion, for ~ 1 h, of the rhodolith thick section in a 
50%-mix solution of H2O2 (30%) and 0.1 N NaOH (e.g. Stoll et al., 2001), heated at 60°C. 
When bubbling stopped, the rhodolith thick section was immediately rinsed with distil led 
water and oven-dried prior to LA-ICPMS reanalysis. 
V-2.c Age model determination 
We used both the position of the ARS stai n layer and the previously observed seasonal 
cha racter of major Mg/Ca variations in various species of coralline red algae (Halfar et al., 
2000; Kamenos et al., 2008; Hetzinger et al., 2009) that was also determined in S. durum 
(Chapter IV - this th esis), to constrain our chronologies. As the rhodoliths were collected 
alive, the outermost layer of each branch was attributed to August 2011. The position of 
ARS layer was matched to the starting date of the staining experiment (February 2011), 
and we anchored th e following low and high peaks in the Mg/Ca cyclic patterns, which 
generally appeared clearly (e.g. Figures V-2 and V-5), to the lowest and highest 1ST values 
for the year 2010 (July and February 2010, respectively) . Data points between these 4 
anchors were extrapolated linearly over the period November 2009-August 2011, using 
the data ana lysis software AnalySeries (Paillard et al., 1996). Considering the average 
annual growth rate previously determined for the branches presented here ( ~0.6 mm y· 1; 
Chapter IV - this thesis) and the spatial resolution obtained from LA-IC PMS analyses ( ~5 
µm per measurement), the full resolution records presented in the statistical analyses (see 
below) would correspond to a weekly-to-sub-weekly resolution. However, due to the 
constra ints of our age model, no higher than monthly-resolution data should be compared 
to environmental parameters. 
V-2.d Statistica I analyses 
Statistica l analyses were performed using the )MP 9.0 (SAS Institute Inc.) computer 
software. From the 43 LA-ICPMS records, pairwise correlation matrices were produced for 
each elemental ratio, at full as well as monthly resolutions. In each case, th e degree of 
record reproducibility was characterised by the percentage of pairs showing a signifi cant 
corre lati on (Figure V-4). A hierarchical clustering at full- and monthly-resolution was 
performed on the average record of each elemental ratio using the Ward method on 
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standardised data, and is displayed along with the corresponding pairwise correlation 
matrices (Figure V-6). Correlation coefficients (r) presented here are Pearson's correlation 
coefficients obtained from least-square regressions. Their significance is discussed 
considering a confidence level of95% (a=0.05). 
It has to be noted that the peak in Mn/Ca concentration observed in every branch, and 
attributed to the use of ARS stain (Figure V-2 - see discussion below), as we ll as the high 
elemental concentrations recorded in the living tissue (i.e. outermost cell layers), which 
could represent 1-to-2 months according to the element and/or the branch's growth rate 
(see further: Figures V-8 and V-9), were not included in the dataset used for statistica l 
analyses. 
V-3 Results and discussion 
V-3.a Environmental data 
Monthly variations of the studied environmental parameters during the November 
2009-August 2011 period (Figure V-3) are in agreement with the average climate pattern 
of New Caledonia (e.g. Nicet and Delcroix, 2000; Ouillon et al., 2010), which consists of a 
strong seasonality in light-intensity and seawater temperature, with maximum 
(minimum) solar rad iation peaking in spring (autumn), before the warmest (coldest) 
seawater temperatures are reached during the austra l summer (winter). Average 
seasonality in rainfall and wind activity was disturbed by the alternation of an El-Nino 
event in 2009-2010, for which dryer and windier weather was recorded, and the opposite 
La-Nina phase in 2011, which was characterised by higher precipitation and slower winds. 
January 2011 was an exception due to the effects of cyclone Vania, bringing heavy rainfall 
and strong winds over the Noumea region. 
Chi a concentration is generally related to phytoplankton primary production (e.g. 
Torreton et al., 2007; 2010). While higher plankton productivity in summer/fall is 
commonly observed, variability is spatial as well as temporal in the lagoon of New 
Caledonia (Fichez et al., 2010; Torreton et al., 2010). It is probable that the observed 
January 2011 peak in Chi a corresponds to an abrupt increase in terrigenous nutrients due 
to high cyclone-related precipitation at that time (Torreton et al., 2010; Le Borgne et al., 
2010). 
The fact that the CDOM does not seem to respond to the rainfall activity at the site 
indicates that river runoffs or urban effluents are not the primary source of CDOM in the 
water column. It therefore suggests that CDOM is more likely to reflect some combination 
of the intensity of metabolic activity of the benthic community, which may be related to 
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light intensity, and surface-sediment resuspensio n, which is somewhat in agreement with 
the wind strength patte rn (Figure V-3; see Boss and Zaneveld, 200 3; Otis et al., 2004; 
Coble, 2007) . 
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Figure V-3 Monthly variations of in situ temperature (1ST), photosynthetically active radiation (PAR) and global solar radiation, total amount of rainfall , chlorophyll a (Chi a) concentration, coloured dissolved organic matter (CDOM) concentration and wind speed, over the November 2009-August 2011 period , for the Ricaudy Reef or the local area. See text for sources of the different datasets . 
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V-3 .b Reproducibility of the geochemical records 
From the elemental correlatio n matrices prese nted in Figure V-4, it appears that 
monthly data are systematically more reproducible than fu ll-reso lution data. This is 
explained by the reduction of both instrumental and age-model uncertainties when lower-
resolution reco rds a re considered. Except for Mg/Ca, Sr /Ca and Li/Ca, where at least 78% 
of the monthly, pa irwise correlations are significant, a high degree of variability between 
individual tra cks is observed. P /Ca, Mn/Ca, Ni/Ca and U/Ca are only moderately 
reproducible and for Al/Ca, Fe/Ca, Co/Ca and Pb/Ca, half of mo re records are inconsistent 
and do not significantly correlate wi th one another (Figure V-4). 
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Figure V-4 Cross-correlation matrices for Li/Ca, Mg/Ca, Al/Ca , P/Ca, Mn/Ca, Fe/Ca, Co/Ca , Ni/Ca, Cu/Ca, Zn/Ca, 
Rb/Ca, Sr/Ca, Ba/Ca, Pb/Ca and U/Ca, based on the individual LA-ICPMS records obtained along 
the top 1.5-2 mm of the 43 studied rhodolith branches, at full- and month ly-resolutions. The colour 
scale reflects the degree of correlation between the different records. For each elemental ratio , the 
proportion of significant (a =0.05) pairwise correlations between the 43 records is displayed for 
the full -resolution and monthly-resolved datasets. 
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The reproducibility of the trace elements signals recorded here can be affected by 
various sources. Uncertainties in the age model wil l affect every element to the same 
extent and are due to the linear interpolation of the records between the anchor points 
chosen to constrain our chronology. This does not take into account the growth rate 
variability that is likely to occur at higher-than-seasonal resolution and that would be 
particular to each analysed branch. High-resolution growth rates variations may also add 
a source of variability for some trace elements for which the incorporation into calcite has 
been shown to be sensitive to precipitation rate ( e.g. Mn, Fe, Co - Lorens, 1981; 
Dromgoole and Walter, 1990). An association with the organic phase, which could be 
unevenly distributed throughout the skeleton of S. durum as it is the case for some corals 
(e.g. Allison, 1996 for Rb, Ba or U), may also sign ificantly contribute to the observed 
heterogeneity, as well as high-resolution variations in the trace element binding capacity 
of this organic matrix. This source of uncertainty linked to the organic component of the 
rhodo lith skeleton may be particularly significant for Zn/Ca, Rb/Ca, Co/Ca, Cu/Ca and 
Ba/Ca, which records appear particularly affected by the H2O2 treatment (Figure V-5). It 
has to be noted that the concentration of Mg/Ca is lower after H2O2 treatment but the 
Mg/Ca variations are essentia lly unaffected, confirming previous observations for a 
different 5. durum rhodolith specimen (Chapter III - this thesis). To some extent, a similar 
effect is observed for Fe/Ca (Figure V-5). 
Trace element variability may also be related to genetic differences between rhodolith 
individuals resulting in a different response to trace element incorporation. 
Heterogeneous sediment fluxes to the water column (e.g. Grenz et al., 2010) may also 
contribute to the observed temporal trace-element variability. For different branches of 
the same rhodolith, it is also possible that branches facing the substrate are exposed to 
higher dissolved concentrations than branches facing the water surface and hence, record 
a different trace element signa l. The surrounding biotic community may also play a role as 
rhodoliths may be affected by grazing or feeding activities of fish that have also been 
shown to generate localised resuspension in coral reef environments (Yahel et al., 2002). 
According to the considered elements in this study, it is likely that several if not all of 
the above-mentioned sources of variability intervene simultaneously. The expected result 
is the generally high degree of trace element variability that we observe between the 
analysed transects. This variability is less pronounced for the Mg/Ca, Sr/Ca and Li/Ca 
records, suggesting that they may respond more reliably to environmental forcing. For 
those trace elements where individual variabi lity clearly dominates, the ana lysis of a 
single branch is very unlikely to reflect representative elemental variations, even at the 
scale of a rhodolith specimen, over a period of several-months. 
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Figure V-5 Comparison of LA-ICPMS records of Li/Ca, Mg/Ca, Al/Ca , P/Ca, Mn/Ca, Fe/Ca, Co/Ca, Ni/Ca, Cu/Ca , 
Zn/Ca, Rb/Ca, Sr/Ca, Ba/Ca, Pb/Ca and U/Ca, along the outermost -2 mm of the R1-3 rhodolith branch, before (dark grey lines) and after (coloured lines) treatment with H20 2. Correlation 
coefficients (r) between both records are also displayed for each element. Note that another branch form a different rhodolith (R7-1) was also analysed before and after H,O, treatment and 
yielded similar results (not shown here). 
Despite this, when the overall averages are considered, various seasonal patterns still 
emerge in every element studied here, and can generally be distinguished according to the 
results of the statistica l cluster analysis (Figure V-6). 
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Figure V-6 Results of hierarchical cluster ana lysis and corresponding correlation matrices between each 
trace elemental ratio recorded by LA-ICPMS, based on the average record of 43 ind ividua l 
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correlation matrix reflects the sign and degree of correlation (r) between trace elements. 
V-3.c Mg/Ca, Sr/Ca and Li/Ca 
Ave rage Mg/Ca and Sr/Ca concentrations in S. durum rhodoliths are co ns istent with 
previous reports for other species of coralline red algae (Halfar et al., 2000; Kamenos et al., 
2008; Hetzinger et a l., 2009; 2011a) and Li/Ca values are comparable to th e ones of 
various marine organisms ( e.g. Delaney et al., 1989; Marriott et al., 2004; Bryan and 
Marchitto, 200 8; Rollion-Bard et al., 2009). 
For the ave rage elemental pattern reco rded during the November 2009 - September 
2011 period, which displays well-defined seasonal variations, it is clear that temperature 
is of major influence on the incorporation of Mg/Ca, Sr /Ca and Li /Ca into S. durum. This is 
illustra ted both by the strong correlation coefficients recorded at monthly resolution 
- 114-
V - Seasonal patterns in trace elemental composition of coralline red algae from a t ropica l lagoon 
(r>0.82 ; p<0.0001 - Figure V-7), and by th e fact that these elements present the highest 
degree of reproducibility in the individual record (Figure V-4). We therefore propose that 
Mg/Ca, Sr/Ca and /or Li/Ca variations in S. durum are suited for temperature 
reconstructions at the seasonal level, as we ll as potentially, provided th e appropriate 
chronological constrains, down to a weekly resolution. 
It also appears that Mg/Ca displays the best fit to the 1ST data, co nfirming its 
preferential use over Sr/Ca (Kamenos et a l., 2008; Hetzinger et al., 2011 a) and Li/Ca. 
Chapter VI of this thesis will further di scuss these various aspects, a long with the way 
Mg, Sr and Li are incorporated into the rhodoliths. 
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V-3 .d P/Ca, Cu/Ca, Co/Ca, Ba/Ca and Zn/Ca, Rb/Ca 
Although the hierarchical clustering gave the average Zn/Ca and Rb/Ca closer to 
Mg/Ca, Sr/Ca and Li/Ca than to P/Ca, Ba/Ca, Cu/Ca and Co/Ca, we chose to group Zn/Ca 
and Rb/Ca with the latter, based on the high degree of variability observed at the 
individual record level (Figure V-4 ), the influence of the organic phase on their variations 
(Figure V-5) and the timing of their seasonal patterns (Figure V-8), all of which, are more 
s imilar to the ones of P /Ca, Ba/Ca, Cu/Ca and Co/Ca. 
Coralline red algae composition in P /Ca, Cu/Ca, Co/Ca, Zn/Ca and Rb/Ca have not been 
previously reported and only Hetzinger et al. (2011a) and Chan et al. (2011) have 
measured Ba in coralline red algae, however, their study focused on the Ba/Ca anomalies 
and actual concentrations were not published. The average values for Cu/Ca, Ba/Ca, Zn/Ca 
and Rb/Ca in rhodoliths are comparable to concentrations observed in corals for coastal 
regions (Allison, 1996; David et al., 2003; Alibert et al., 2003; Montaggioni et al., 2006; AI-
Rousan et al., 2007), whereas average P /Ca values are much higher than generally found 
in surface or deep-sea corals (Dodge et al., 1984; Montagna et al., 2006; LaVigne et al., 
2008; Mallela et al., 2011), and Co/Ca is about 10 times lower than previously reported for 
Pacific Ocean corals (Veeh and Turekian, 1968). 
Previous studies on P /Ca and Ba/Ca variations in corals have demonstrated their 
potential as river or urban effluent runoff proxies (e.g. Dodge et al., 1984; Alibert et al., 
2003). The Sainte Marie Bay is subject to both freshwater inputs form the Coulee River 
(Fernandez et al., 2006; Debenay and Fernandez, 2009) and sewage inputs from the 
Noumea city (Daito et a l., 2006; Migon et al., 2007). These sources largely contribute to 
increasing amounts of nutrients as we ll as various trace elements in the lagoon coastal 
waters and are particularly significant during periods of heavy rainfall (Debenay and 
Fernandez, 2009; Moreton et al., 2009; Torreton et al., 2010; Le Borgne et al., 201 0). 
During the studied period, the highest rainfall activity was recorded during the 
summer/fa ll of 2011 (Figure V-3). The observed peak in the rhodolith trace elemental 
records during spring (Figure V-8) therefore indicates that the concentrations in P /Ca, 
Ba/Ca, Cu/Ca, Co/Ca, Zn/Ca or Rb/Ca in S. durum from the Ricaudy Reef cannot be linked 
to local rainfall. It thus suggests that other mechanisms are likely to dominate at the 
seasonal scale. 
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Figure V-8 Monthly variations of P/Ca, Cu/Ca, Co/Ca, Ba/Ca and Zn/Ca, Rb/Ca over the November 2009-August 
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in t_race elements (see text for details). 
The observed variation patte rn of these elements may indicate the intensity of 
metabolic processes, with higher concentrations linked to higher alga activity. The highest 
concentrations in P /Ca, Cu/Ca, Co/Ca, Zn/Ca and Rb/Ca in the rhod oliths are coeval with 
spring peaks in both light intensity (solar radiation and PAR) and CDOM (Figure V-3). It is 
well es tablished that light intensity is of paramount importa nce for the metabolism of 
many organisms, including coralline red algae (e.g. Adey and MacIntyre, 1973; Steneck, 
1986; Foster, 2001), and CDOM concentrations in simila r types of tropical, shallow-water 
environments, can be related to the intensity of benthic biological activity (Boss and 
Zaneveld, 2003; Otis et al., 2004). In that respect, the elemental partition coeffici ents (Kd) 
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for S. durum (Table 1), a lso strongly suggest an active role of th e a lga during the 
incorporation o f P, Cu, Zn, Co, Rb and Ba into the rhodo li th skeletal structure. However, 
the interpretation of these Kct values needs to be tempered as the concentration va lues for 
seawater were not measured in situ a nd, therefore, could be quite different from the 
rea lity . They are particula rly likely to underes timate the actua l concentration values at the 
sediment-water boundary layer, resu lting in an overestimation of the calcu lated Kct va lues 
a nd hence, of the actual contribution of the alga meta bolism in the incorporation of th e 
trace e lements . 
I 
Rhodoliths average Seawater Kd va lue in 
concentration (ppm) concentration (µg/1) rhodoliths 
p 300 18 17 
Cu 0.9 0.06 15 
Ba 2.9 5 0.6 
Co 0.7 0.04 16 
Zn 5 0.05 100 
Rb 0.5 131 0.004 
Table V-1 Distribution coefficients (Kd) in S. durum rhodoliths determined for P, Cu, Ba, Co, Zn and Rb from 
their respective average concentrations in the rhodoliths and in seawater. Seawater concentration 
values for P and Ba are from concentrations measured in the NRCC NASS-5 Open Ocean reference 
solution (Field et al. , 2007); for Rb, from the IGG B1 reference sea water solution (Tonarini et al. , 
2003); for Cu and Co , from the averages concentrations measured at the Anse Vata site (Moreton 
et al. , 2009) ; and for Zn , from the concentration measured at the Sainte Marie Bay station N33 (M igon et al., 2007). 
Another potentia l source of CDOM in the water column and trace metals in the 
rhodoliths is the resuspension of surficial sediments. This could be driven by higher wind 
activity recorded in spring during the stud ied period (Figure V-3), which wou ld favour 
sediment resuspension through the generation of water currents (Clavier e t al., 1995; 
Douillet et al., 2001). Sediments in the bays surrounding Noumea are rich in organic 
matter and various trace metals such as P, Cu, Zn or Co (Daito et al., 2006; Migon et al., 
2007; Torreton et al., 2010; Grenz et a l., 2010). Their resuspen sion would hence 
con t r ibute to increase the CDO M concentra tion in the water column. Simi larly, trace 
elements concentrations in the water column would be enhanced by the high capacity for 
chemical exchange of suspended particles (Ouillon et a l., 2010). Spagnoli and Bergamini 
(1997) for instance, have shown that resuspension favours the release of P through 
surficial desorption from fine particles and/or dissolution processes. The sediments of the 
area are also enriched in nutrients compared to the water column (Grenz et al., 2010), 
therefore, resuspension would also lead to an increase in nutrient availability, particularly 
at the sediment-water interface, enhancing the biological activity of the benthic 
-118-
V - Seasonal patterns in trace elementa l composition of coralline red algae from a tropi ca l lagoon 
community, in turn increas ing th e CDOM concentrati on in the water column. This is also 
concordant with a previous report of net benthic primary production in the New 
Caledonian lagoon peaking in spring (Clavier and Garrigue, 1999). 
Increased biological processes during spring contrasts with the Chi a pattern for the 
November 2009 -August 2011 period where high concentrations occurred in late fa ll 2010 
and fa ll / early winter 2011, with the highest Chi a peak in January 2011 (Figure V-3). If 
validated, this assumption indicates that metabolic processes in cora lline red algae follow 
a different pattern than those of the pelagic algal primary producers and, specifically, do 
not appear to respond to the increase in nutrient in the wa ter column due to increase rive r 
discharge or higher flow of urban effluent during periods of heavier rainfall (Torreton et 
al., 2010; Le Borgne et a l., 2010). Rath er, the biological activity of coralline red algae 
appears related to that of the benthic community and is controlled by nutrient flu xes from 
the sediments, enhanced during current-induced resuspension. This a lso sugges ts that, at 
least at the sediment-water interface, th e nutrient inputs from sediment resuspensio n are 
more important than the decrease in nutrient concentration that is predicted due to th e 
increase mixing with the more oligotrophic waters of the lagoon (Torreton et al., 200 7; 
2010) . 
Higher biological activity of S. durum in spring is in contradiction with the annual 
growth pattern recorded for the studied sa mples, which indicates higher extension rates 
during the summer/fall period rath er than in spring (Chapter IV, this thesi s). However, it 
has previous ly been shown that rhodolith extension rates can somewhat diffe r from their 
calcification pattern (Kam enos and Law, 2010; Burdett et a l., 2010). Our results may 
indicate that annual extension rates and intensity of biological p rocesses in S. durum 
rhodoliths could also be decoupled. Unfortunately, skeleton dens ities have not been 
measured here and our observations ca ll for further studies in this area, as well as a 
growth monitoring experiment at higher resolution to better understa nd th e re lationships 
between extension rates, calcification pattern and intensity of metabo lic processes in S. 
durum. 
V-3.e Al/Ca, Fe/Ca, Mn/Ca, Ni/Ca, Pb/Ca and U/Ca 
Average records of Al/Ca, Fe/Ca, Ni/Ca, Pb/Ca as well as Mn/Ca, if the pea k attributed 
to th e use of ARS is not considered, all present higher concentrations in the S. durum 
rhodolith skeleton during winter 2010 (Figure V-9). Lower 1ST during this period could 
contribute to a preferential incorporation of some of these metals into the ca lcite, 
particularly Pb and, to a lesser extent, Mn (Rimstidt et al., 1998). Similar ly, higher Mn, Fe 
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and Pb concentrations could be explained by possible slower calcification rates in wi nter 
(Rimstidt et al., 1998). However, for Ni incorporati on into ca lcite, Lakshtanov and Stipp 
(2007) fo und only a weak, negative dependency to calcifica tion rate, and Rimstidt et al. 
(1998) even predict a contradictory positive correlation between these two parameters. 
These observations suggest that temperature and/or calcification pattern are not directly 
responsible for the common increase in the observed metal concentration. As for the other 
environmental parameters presented here, none cou ld explain the recorded average 
pattern in the rhodoliths. 
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Figure V-9 Monthly variations of Al/Ca, Fe/Ca, Mn/Ca, Ni/Ca, Pb/Ca and U/Ca over the November 2009-August 
2011 period. Both average (thick coloured lines) and individual (thin grey lines) records are 
displayed. The dotted part of each average record corresponds to the tissue layer that is enriched 
in trace elements. For Mn/Ca, the part affected by the presence of the alizarin red S stained layer 
also appears as a dotted line (see text for details). 
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In winter 2010, however, maintenance work was carried out in the area, which 
essentially consisted of the removal of sediments from the Coulee river-mouth, to protect 
it from silting in (S. Chevalier; Direction du Developpement Rural - DDR, Noumea; 
personal communication). As a result of this operation, considerable amounts of particles 
would have been locally resuspended. For similar activities that occurred in the Sainte 
Marie Bay in 2000, twice the average turbidity levels were recorded (Ouillon et al., 2010). 
It is most likely that a significant proportion of this material, resuspended at the mouth of 
the Coulee River, has reached the Sainte Marie Bay and the Ricaudy Reef (see Fernandez et 
al., 2006). Considering the fact that surficial sediments from the mouth of the Coulee River 
and the adjacent Boulari Bay present considerably high concentrations in Fe, Ni and Mn as 
a result of past, opencast mining activities and continuing erosion of abandoned sites 
(Fernandez et al., 2006; Daito et al., 2006; Migon et a l., 2007; Debenay and Fernandez, 
2009), we propose that the dredging in winter 2010 resulted in higher metal 
concentrations in the water column that were available for the rhodoliths to incorporate 
into their calcite skeleton. This could be enhanced by higher dissolved metal 
concentrations in seawater when residence times are longer (see Migon et al., 2007 for 
Ni), which would have been the case in winter 2010 when wind speed was low. Sediment 
oxygen consumption is also lower in winter (Grenz et al., 2010), increasing the probability 
of metal incorporation into the rhodoliths calcite before the dissolved metals are oxidised 
and trapped into the sediments. Incorporation of Mn, Fe and Ni (as well as Co) into the S. 
durum rhodoliths will be further discussed in another section of thi~ thesis (Chapter VII). 
The presence of Al in lateritic layers of the southwest of New Caledonia (Baltzer and 
Trescases, 1971; Trescases, 1975) suggests that this metal may also be present in 
relatively high concentration in the sediment of the river mouth, and may have behaved 
similarly to Fe, Mn and Ni for the period studied, as may have Pb. 
The statistical affiliation given by the hierarchical cluster analysis of U /Ca variations 
with the above-mentioned metals (Figure V-6) may suggest that higher U/Ca 
concentrations in rhodoliths are also linked to the presence of metal-rich particles 
resuspended by anthropogenic activities. However, based on the fact that the U/Ca 
patterns of individual tracks recorded in the analysed S. durum branches are quite 
different than the ones of the other metals, and seems to relate more to the Mg/Ca, Sr/Ca 
and Li/Ca patterns (see Figure V-5), we propose that U/Ca variations actually reflect 1ST 
variations during the studied period. This is supported by the high-level of anti-correlation 
between the average monthly U/Ca variations and the 1ST instrumental dataset (r=-0.84; 
p<0.0001 - data not shown). It is also consistent with a recent report of U/Ca anti-
correlation with SST for a cold-water coralline red algae species (Hetzinger et al., 2011a). 
Similarly, U /Ca variations were often shown to be linked to seawater temperature, in 
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marine organi sms such as corals, with a decrease in U/Ca as temperature increases (e.g. 
Correge et al., 2000; Fallon et al., 200 3; Correge, 2006a) . 
Naturally, the proposed processes are bas ed solely on the average patterns of the 
studied metals and have to be tempered by the generally high heterogeneity (particularly 
Al and Fe), observed both between records for a s ingle element (Figure V-4), and between 
elements for a s ingle record (Figure V-5) . 
V-3.f On the influence of the tissue layer and ARS stain on trace element 
concentrations 
For most of the studied trace elemental ratios, very high concentrations are recorded in 
the first tens of microns of every branch (e.g. Figures V-2 and V-5), which can represent up 
to 1-to-2 months according to the extension rate (Figures V-8 and V-9), and correspond to 
the living tissue layer of the rhodolith . This phenomenon is also observed in other marine 
organisms such as corals where metals can be 10 to 80 times more concentrated in the 
tissue layer than in the res t of the skeleton ( e.g. Mcconchie and Harriott, 1992; Correge, 
2006b). High concentrations in the tissue layer suggest that these trace ele ments may play 
an active role in the ca lcification processes. Therefore, and alth ough such high 
co ncentrations do not tra nslate furth e r down in the skeleton, it is probable that var iations 
in the trace element composition of the tissue layer influence, to some extent, the resulting 
skeleta l composition. 
In addition to the high trace-element concentrations recorded in the tissue laye r, a 
distinct peak in Mn/Ca concentration is observed in all th e analysed rhodolith branches 
and sys tematica lly matches the position of the ARS-stained laye r (e.g. Figure V-2). We 
attribute th is Mn/ Ca peak to the form ation of Mn-bearing polymeric chelates. Indeed, it 
has been shown that wh en ARS is added in a solution, it spontaneously reacts with various 
biva lent cations, such as Mn, Co, Ni or Cu, to form aliza rin co mplexes (Govil and Banerji, 
1973; Al-Janabi et al., 1987) . This characte ri stic is commonly used in separation and 
preconcentration procedures leading to the analysis of metals in seawater, environmental 
or biological sa mples ( e.g. Nagahiro et al., 1995; Korn et al., 2004 ). 
No peak sim ilar to the Mn one is observed for other metals in th e S. durum record, 
a lth ough Ni may show a slight concentration in crease corres ponding approximately to 
January 2011 (Figure V-9). This might be explained by (1) the higher 0-metal bond of the 
Mn chelate compared to the Ni chelate (Al-Janabi et al., 1987), resulting in the relative 
instability of the Ni chelate (Govil and Banerji, 1973); (2) oth er factors over-powering the 
trace metals s ignals in th e rhodo liths, pa rticu larly for Co and Cu. 
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The fact that th e ARS peak in Mn is lower after H, O, treatment whereas the rest of the 
signal is essentially unaffected (Figure V-5), implies a different form of Mn incorporation 
in this particular layer, further suggesting the probable link with the use of ARS. 
V-4 Conclusion 
In an attempt to characterise the behaviour of trace eleme ntal va riations in S. durum 
form the Ricaudy Ree f, New Caledonia at the seasonal level, we used high-resolution LA-
ICPMS to ana lyse 43 branches belonging to different rhodoliths specimens. 
A 21-month period was studied and ARS staining he lped co nstrain the chronology for 
every branch. The reproducibility of each of the 15 trace elements considered in this study 
was assessed using pairwise correlation matrices at both full (i.e. weekly to sub-weekly) 
and monthly resolution. Except for the Mg/Ca, Sr/Ca a nd Li/Ca records, a relatively high 
degree of variability between branches, with, for some trace elements, more than half of 
the records being inconsistent with each other. Potential explanations for the observed 
variability were discussed and the re-analysis of a branch after H20 2 treatment permitted 
to better dete rmine the role of the orga nic component in the distribution of some trace 
elements in S. durum rhodoliths. 
Despite the relative inconsistency of some trace elements betwee n individual branches, 
common patterns in seasonal variations could have been determined through a 
hierarchical clustering based on the average records. We observed Mg/Ca, Sr/Ca, Li/Ca 
and potentially U /Ca in S. durum being mainly controlled by temperature variations, 
whereas P /Ca, Cu/Ca, Zn/Ca, Co/Ca, Rb/Ca and Ba/Ca may re flect a higher inten sity of 
biological processes, likely to be coeval with an increase of these elements in seawate r due 
to resuspension related to increased loca l wind activity. The pattern of Mn/Ca, Ni/Ca, 
Fe/Ca, Al /Ca and Pb/ Ca during the period of study was a ttributed to the impact of 
anthropogenic activities that occu rred in an nearby area where sediments containing a 
high proportion of these metals were resuspended and reached the Ricaudy Reef, like ly to 
have caused an increase in the meta l concentration of the water column. 
Further work is required to better understand the mode of incorporation of the studied 
trace elements in the rhodoliths. At present, at the exception of Mg/Ca, Sr /Ca a nd Li/Ca, it 
appea rs delicate to use the variations of most trace metals in S. durum for e nvironm ental 
reconstruction at high (i.e . monthly) resolution, unless several reco rds can be averaged . 
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CHAPTER 
VI 
Sea-surface temperature 
reconstruction from trace 
elements variations of tropical 
coralline red algae 
Keywords : rhodoliths, Sporo/ithon durum, laser ablation, Mg/Ca, Sr /Ca, Li/Ca, ENSO 
Abstract 
We used laser ab lation inductively coupled plasma mass s pectrometry (LA-l CPMS) to 
obtain high-resolution variations of the trace elemental composition of free-living forms 
(i.e. rho doliths) of the corall ine red alga species Sporolithon durum in ord er to test their 
poten tial to archive sea surface temperature (SST) information. The cons istency of the 
Mg/Ca, Sr /Ca and Li/ Ca composition and variation pattern over a >45 year-long period 
was assessed by comparing the records of five rh odol ith branches _from three specimens, 
collected in va rious locations across a -lkm2 rhodo li th bed in the vicin ity of Noumea, New 
Caledonia. Average values of Mg/Ca and Sr/Ca (0.31 ±0 .04 mol.moJ-1 and 3.5 ±0.4 
mmol.mo!-1, respectively) are comparable to the ones previously reported. Slightly highe r 
Mg/Ca values might be explained by higher SST in th e S. durum living environment and/or 
a likely influ ence of species-specific effects. Similar Sr/Ca values in S. durum compared to 
the ones of cold-wate r species may ind icate a common mode of incorporation of Sr in 
coralline red algae. It is the fi rst time Li/Ca meas urements are presented for coralline red 
algae. The concentrations observed in S. durum rhodo li ths are comparable to previously 
reported Li/Ca va lues for other calcareous organisms. 
Trace elements variations show good reproducibility between the records at both 
monthly and inter-annual resolutions and are all significantly correlated w ith local 
variations of SST for the 1963-2008 period (0.40 <r<0.80; p<0.0001; n=30). Mg/Ca 
systematica lly displays the best fits to loca l SST va riations, with an ave rage Mg/Ca record -
local SST correlation of r=0.85 (p<0.0001), at mon thly reso lution. Mg/Ca, Sr/Ca and Li/Ca 
co-vary close ly in all records. We propose that the va riation of the Mg/Ca composition is 
the main factor influencing Sr/Ca and Li/Ca variations in S. durum to explain their positive 
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correlatio n with local SST (r=0.65 and r=0.66, respectively; p<0.0001) over the stu died 
period. Inter-a nnual Mg/Ca anomalies show significant correlation with the Oceanic Nino 
Index (ON!), indicating that S. durum rhodoliths also have the ab ility to record the regional 
climate pattern in the tropical Pacific. Finally, co nsistent var iations between the ave rage 
Mg/Ca record in S. durum rhodoliths and the Sr /Ca record of a Po rites sp. coral from the 
same site, as well as a sim ilar relationships with local SST at both monthly and inter-
annua l scales (r=0.87; r=-0.79 and r=0.62; r=-0.52, respective ly), suggests that S. durum 
rhodoliths may be a tool as reliable as coral for SST reconstruction. 
Vl-1 Introduction 
Future climate change has been a major environmental concern for decades and is still 
bound to significant un certainties (IPCC, 2007). A wide array of tools, from tree-rings (e.g. 
Lara and Villalba, 1993; Shao et al., 2010), ice cores (e.g. Dansgaard et al., 1993, Petit et al., 
1999, Wolff et al., 2010), lacustrine sed iments ( e.g. De Deckker et al., 1991; Brauer et al., 
1999; Morell6n et al., 2011), or speleothems (e.g. McDermott, 2004) on land, to marine 
sediment cores (e.g. Charles et al., 1996; Cullen et a l., 2000) and various marine organisms 
as foraminifera (Waelbroeck et al., 2002; Eggins et al., 2003), corals ( e.g. Beck et al., 1992; 
Quinn et al., 1998; Correge, 2006) or bivalve molluscs ( e.g. Klein et al., 1996; Schon e et al., 
2005) in the oceans, is ava ilable to reconstruct pas t climates with the aim of imp roving 
future climate predictions. High-resolution archives are crucial to understanding the 
climate variab ility at seasonal to inter-an nual tim escales. Scleractinian corals are the most 
commonly used and reliable climatic a rchives in the tropics (see Correge, 2006 for a 
review) and can provide with reconstructions of some of the main facto rs influ encing 
global climate, such as the El Nino Southern Oscillation (ENSO) variability pattern, over 
several centuries (e.g. Dunbar et al., 1994; Fairbanks et al., 1997; Cobb et a l., 2003). ln the 
extra-tropical zones, bivalves and gastropods have been the almost exclusive tool for 
ocean ic-envi ronment reconstruction s (Wanamaker Jr. et al., 2011) until coralline red algae 
raised a recent interest as potential climate archives (Halfar et al., 2000). 
Corallin e red algae are globally-distributed calcareous marine organisms that deposit a 
high-magnesium calcite skeleton as they grow (e.g. Adey and McIntyre, 1973; Bosence, 
1983b ). They can occur either as attached form on ha rd bottoms or as free-living nod ules 
(i.e. rhodoliths), on unstable substrata (Steneck, 1986). With thick crusts an d nodul es of 
up to 20 cm in diameter (Adey and McIntyre, 1973; Littler et al., 1991; Frantz et al., 2005), 
as we ll as genera lly s low growth rates (0 ,015-2.17 mm.yr·1 - Foster, 2001; Blake and 
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Maggs, 200 3; Bohm et al., 1978), individual organisms have been found to live for more 
than 800 yea rs (Halfar et al., 2007), potentially making coralline red algae one of the 
old est living marine calcifier (Frantz et al., 2005). As they grow, various climate 
information is recorded in their skeleton, one aspect of which appears in their annual 
growth pattern, composed of alternating small cells and heavily calcified cell walls 
generally produced in wi nter, and longer cells with less calcified cell walls typically 
produced in summer (e.g. Halfar et al., 2008; Kamenos and Low, 2010). This commonly 
occurs as pairs of clear and darker bands on visual examination of the coralline red algae 
skeleton (Kamenos et al., 2008; Kamenos and Low, 2010; Burdett et al., 2010). Recent 
studies focusing on the climate information contained both in growth increments and in 
the geochemical composition of the skeleton, provided the first decades-to-century long 
reconstructions of cold-water environmental parameters from coralline red algae (Halfar 
et al., 2007; 2008; 2011; Hetzinger et al., 2009; 2011; Chan et al., 2011; Williams et al., 
2011). The ability of the variations in Mg composition in coralline red algae to record 
seawater temperature at the time of calcite deposition, has been, so far, the most 
promising too l fo r palaeo-environmenta l reconstructions (Halfar et al., 2000; Kamenos et 
al., 2008; Hetzinger et al., 2009; 2011). Sr/Ca records in coralline red algae are seldom but 
have been shown to present significant, positive correlations wi th temperature for various 
high -latitude species (Kamenos et al., 2008; Hetzinger et al., 2011). 
Sporolithon du rum is widely distributed in oceanic shallow waters, from tropical to 
temperate-cold environments (e .g. Townsend et al., 1995; Womers ley, 1996; Goldberg and 
Hein e, 2008; Basso et al., 2009) and has been reported to continuously live for several 
decades (Goldberg and Heine, 2008; This thes is, Chapter IV) at a growth rate of 
approximately 0.6 mm.y-1 (This thesis, Chapter IV). Previous work also determined the 
presence of an nual increments in the growth pattern of 5. durum rhodoliths in a tropical 
environment (This thesis, Chapter IV) , as well as the close relationship between the Mg/Ca 
variations of several individuals recorded over a several-months monitoring experiment 
and in situ temperature at the collection site (This thesis, Chapter V). However, longer 
term seawater temperature reconstructions are yet to be generated. 
Here, we assess the potential of trace elements variations in 5 branches of 5. durum 
rhodoliths for sea surface temperature (SST) reconstruction over a 45-year period of 
continuous algal growth. Laser ab lation in ductively coupled plasma mass spectrometry 
(LA-ICPMS) was used to record Mg/Ca, Sr/Ca and Li/Ca variations at a monthly to sub-
monthly resolution. Results were compared to the ones obtained from solution ICPMS and 
ICP atomic emiss ion spectrometry (ICP-AES) techniques to assess the accuracy of the LA-
ICPMS calibration. Trace elements variations were compared to local SST monthly and 
inter-annual variations. The Oceanic Nino Index (ON!) was used to investigate the 
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potential of inter-annual Mg/Ca anomalies in S. durum to record regional scale climate 
pattern . In additi on, the reliability of Mg/Ca as a tool for SST reconstruction was tested 
aga inst the Sr / Ca record of a Po rites sp. coral from the same site. 
Vl-2 Material and methods 
Vl-2.a Study site and rhodolith collection 
New Caledonia is a group of islands located in th e tropical Pacific Ocean, -1500 km 
offshore Australia. The 8000-km 2 barrier reef on the west side of the main island defin es 
one of the la rgest lagoon in the wo rld, with an area of 23400 km2 (Dandonneau et al., 
1981; Labrosse et a l., 2000). Th e typical, annual climatic pattern in New Caledonia 
a lterna tes between a warm and wet season in the austral summer (Jan-Mar) and a cooler 
and hu mid season in winte r (Jul-Sep). Dry conditions are generally observed in spring 
(Oct-Dec) and fall (Apr-J un) . The inter-annual climatic variations are closely related to the 
El Nino Southern Osci llation (EN SO) pattern, with cooler and dri er conditions during 
per iods of El Nino whereas La Nina periods are genera lly responsible for warmer 
temperatures and heavier rainfall (Nicet and Delcroi x, 2000). 
The Ricaudy Reef (22°18'57"S; 166°27'26"E) is one of the fringing coral reefs bordering of 
Noumea, the most populated city in New Caledonia (Figure Vl-1). Located at th e south ern 
end of the Sai nte Marie Bay in the Southwest region of New Caledonia, the Ricaudy Reef is 
under the influence of both the seawater from the lagoon and ep isodic fres h water inputs 
from the nearby Coulee Rive r ( e.g. Fe rnandez et a l., 2006). 
The rhodoliths studied here were collected on the edge of the Ricaudy Reef, at 4-5 m of 
depth, by SCUBA diving in October 2009 (for the BSA specim en) and February 2011 (for 
the MSA and SSA specimen s). Three individua l rhodoliths were selected as being some of 
the largest nodules observed, in various places of the same rhodolith bed, which spans -1 
km 2• The e llipsoidal-shaped organisms range in s ize from 7.4 cm (SSA) to 8.5 cm (MSA) in 
diameter and present a degree IV branching structure according to the classifica tion in 
Bosence (1983a) . Rhodoliths are exclusive ly formed by S. durum, which is the most 
abu ndant cora lline red alga species at the site (Figure Vl-2) . 
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Figure Vl-1 Location map showing the Ricaudy Reef study site, at the southern end of the Sainte Marie Bay in the Southwest region of New Caledonia. The site where instrumental SST is recorded daily since 1958 (source: IRD - lnstitut de Recherche pour le Developpement, Noumea) is also shown. 
Vl-2.b Trace elements analyses 
Upon collection, the rhodoliths were dried and impregnated into araldite resin before 
being cut into -5-mm thick sections, para llel to their long axis (Figure Vl-2). After 
polishing and ultrasonic cleaning, the thick sections were oven-dried (40°C) prior to LA-
ICPMS analyses and/or sampling for solution ICPM S and ICP-AES analyses. 
LA-ICPMS analyses were conducted along 5 rhodolith branches (3 from the BSA 
specimen and one ea ch from the MSA and SSA specimens) using the ArF excimer laser unit 
(193 nm wavelength) in combination with a Varian 820 ICP MS, at the Research School of 
Earth Sciences (RSES) of the Australian National University (ANU). The ablation spot was 
set to 42 µm in diameter with energy of 5 j.cm·2 and a pulse rate of 10 Hz. The laser 
scanned the branches at a speed of 5 µm.s ·1. The ICPMS was set to time-resolved analysis 
mode at 1 point-per-peak. The isotopes 7Li, 24 Mg, 2SMg, 43 Ca and B8Sr were analysed, among 
others, with various dwell times so that the total integration time resulted in -1 s per 
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measurement cycle. Either the whole (BSA) or most part (MSA and SSA) of each thick 
section fitted in the lase r sample stage, enabling entire branches to be a nalysed in a s ingle 
run. Laser tracks were systematically defined a long the branches axis of main growth. The 
same protocol was applied to each run : a pre-ablation was first perform ed to eliminate 
any potential surface contamination; approximately 60 s measurements of standard 
materials bracketed the sample acquisition; background levels were recorded for -60 s 
between each measurement as well as at the beginning and the end of the run. The data 
reduction followed the procedure described in Longerich et al. (1996), with 43 Ca used as 
a n internal standard to correct for variab le amounts of ablated sample mate rial. First and 
last recorded background levels were extrapolated to correct for instrumental background 
noise. The standard deviation of the background was used to determine detection limits 
(3a of the backgro und) , which were systematically: <0.19 ppm (7Li), <24 ppm (24 Mg), <9 
ppm (25Mg), <0 .02% (43Ca) and <0 .12 ppm (88Sr). The standard bracketing of the sa mple 
permitted correction of the linear instrumental drift during the run. A dolomite marble 
from the Carrara region, Ita ly (H erz and Dean, 1986), was used as a n external, matrix-
matched standard for Mg/Ca calibration (see This thesis, Chapter 111) a nd the glass 
reference NIST 612 SRM, was used for Li/Ca and Sr/Ca calibrations. LA-ICPMS 
measurements obtained every 5 µm along th e branches were averaged to a -30-µm 
resolution to minimise the instrumental noise. Results are presented under elemental 
molar ratios over Ca, against distance from the outs ide of the rhodoliths branches. 
For solution ICPMS and ICP-A ES analyses, samples consisting of - lmg of carbonate 
powder were hand-drilled (2-3 mm-diameter x -1 mm-deep holes) along branches of the 
studied rhodoliths. The same samples ( 4 for BSA and SSA a nd 5 for MSA) were a nalysed by 
both solution and ICP-AES. Each sa mple was dissolved into 10-ml, 2% HNO3 solutions 
prior to a nalyses. 
Solution ICPM S ana lyses were performed on the Varia n 820 ICPMS (RSES, ANU), also 
used for LA-ICPMS. Calibration curves were generated from the analysis of four standard 
so lutions of increasing trace metal co ncentrations (prepa red from AccuTrace solutipns -
Nationa l Institute of Standard and Technology) before, during and afte r the run. A blank 
so lution of pure 2% HNO3 was used to determine the instrum ental background levels as 
we ll as the detection limits for Li, Mg, Ca a nd Sr, which were 0.0 26 ppm, 2.5 ppm, 59 ppm 
and 0.03 ppm (3a of the backgrou nd), respectively. Instrum ental reproducibili ty was 
assessed by measuring repeatedly the same sample throughout the run. Reproducibility 
for Li was 2.8%, for Mg was 2.1 %, for Ca was 1.8% for Sr was 1.1 % (n= 6) . 
A Varian Vista Pro Axial was used for the ICP-AES analyses at the RSES, ANU, following 
the method in de Villiers et al. (2002). A matrix-matched sta nd ard solution was mad e out 
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of AccuTrace solutions (National Institute of Standard and Technology) and permitted the 
calibration of Mg, Ca and Sr compositions as well as instrumental drift correction through 
time. Detection limits for Mg, Ca and Sr were respectively 0.01, 0.10 and 0.005 mg.I 1. 
Standard deviations on elemental concentrations were typically <0.74% (Mg), <0.75% 
(Ca} and <0.70% (Sr}. The detection limit was too high to enable the determination of Li 
concentrations in the rhodoliths using ICP-AES. 
BSA Mg/Ca (mol/mol) 
0.2 0.3 0.4 
Figure Vl-2 Photographs of the whole BSA rhodolith specimen (top left), a section parallel to the long axis of growth (bottom left) showing the path of three laser tracks (dashed lines). Righi: Close up on the top part of a rhodolith branch where the Mg/Ca variations measured by LA-ICPMS are shown over the corresponding laser track. Dotted lines correspond to the layers with lowest values in the Mg/Ca cycles, which were used to constrain the chronology (see text for details). 
Vl-2.c · Age model determination 
The age models for the rhodoliths presented here were obtained from the 
establishment of chronologies based on multiple approaches (see details in This thesis, 
Chapter IV}. For the MSA and SSA rhodoliths, the combination of overlapping Mg/Ca cycles 
from different branches as well as growth band cou nting was used for the chronology. 
This approach is commonly used as a reliable chronological tool for other coralline red 
algae species (e.g. Hetzinger et a l., 2009; 2011; Chan et al., 2011). In addition, for two 
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branches of the BSA rhodolith, radiocarbon dating was performed a nd gave concordant 
results with the Mg/Ca cycles and growth band counting approach (This thesis, Chapter IV 
- Figure Vl-2), increasing our confidence in the reliability of the latter for S. durum 
chronology. Using the AnalySeries data analysis software (Paillard et al., 1996), high (low) 
peaks in the major Mg/Ca cycles along every branch, were tied to months with the highest 
(lowest) annual SST (Figure Vl-3). -30-µm resolution Mg/Ca data points were, then, 
linearly extrapolated and resampled to a monthly resolution. The same anchor points 
were used to resample the Li/Ca and Sr/Ca records (Figure Vl-3). The resulting age model 
uncertainty is estimated to be between 1 and a few months. Inter-annual variations of 
trace elements were obtained by applying a 25-points Hanning filter (i.e. weighted 
average) to the monthly data in order to filter the seasonal variations out of the original 
signals (e.g. Correge et al., 2000; Le Bee et al., 2000). 
Vl-3 Results 
Vl-3.a LA-ICPMS 
All analysed branches present similar average elemental concentrations, standard 
deviations and range of individual values (Table Vl-1), indicating the good reproducibility 
of the LA-ICPMS technique. The average Mg/Ca value and standard deviations for all 
branches are in agreement and vary from 0.29 (BSA2) to 0.32 (BSA3) ±0.04-0.03 mol.mol-
1, with a n overall average value of 0.30 ±0.04 mol.mol• 1: Individual Mg/Ca values range 
from 0.20 to 0.47 mol.mol-1 (Table Vl-1). The average Sr/Ca concentration for all the 
records is 3.5 ±0.4 mmol.mol-1, with average values ranging from 3.4 to 3.6 mmol.mol·1, 
according to the ana lysed branch. The minimum Sr/Ca value recorded is 2.2 mmol.mol·1 
and the maximum is 4.7 mmol.mol-1. Li/Ca concentrations average 0.08 ±0.02 mmol.mol-1 
for all branches, with a range of 0.07 to 0.09 mmol.moP for the average values of 
individual branches. The maximum observed range of Li/Ca individual va lu es over the 
entire dataset is 0.03 to 0.17 mmol.mol· 1 (Table Vl-1). 
The high cross-correlation coefficient between each elemental ratio, for each branch as 
well as for the whole ana lys is (Table Vl-1) illustrates a strong co-variation of Mg/Ca, Sr/Ca 
and Li/Ca in the S. durum rhodoliths (see also Figure Vl-3). Sr/Ca and Li/Ca systematically 
display the strongest bond wi th correlation coefficients varying from r=0.80 to r=0.90 
from branch to branch, and a r-value of 0.87 for the entire dataset. Th e pairs Mg/Ca-Sr /Ca 
and Mg/Ca-Li/Ca show very similar correlation coefficients for any particular branch. 
Mg/Ca and Sr/Ca present cor relation coefficients ranging from r=0.62 to r=0.84, with an 
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overa ll correlation of r=0.68. Correlation coeffici ents for Mg/Ca and Li/ Ca vary from 
r=0.76 and r=0 .85, with an ove ra ll r-value of0.67 (Tab le Vl-1). 
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Figure Vl-3 Variation of Mg/Ca, Sr/Ca and Li/Ca along the top 10 cm of the MSA1 branch as recorded by LA-
ICPMS. The top axis shows the corresponding chronology with and anchor points attributed to 
winter (blue triangles) and summer (red triangles} months of every year. 
Rhodo!ith 
Average ±1o (range) Correlation coefficient (r) 
n bran ch Mg/Ca- Mg/Ca- Sr/Ca-Mg/Ca (mol mol" ' ) Sr/Ca (mmoLmor1) Li/Ca (mmol.mol' 1 ) Sr/Ca Li/Ca Li/Ca 
BSA1 0.31 ±0.04 /0.21-0.4 7) 3.6 ±0.4 /2. 5-4. 7) 0.09 ±0.02 /0.05-0.17) 0,79 0,77 0,90 1143 
BSA2 0.29 ±0.04 /0.20-0.42) 3.5 ±0.3 (2.7-4.3) 0.08 ±0.02 /0 .04-0.14) 0,75 0,77 0,85 683 
BSA3 0.30 ±0.04 /0.21 -0.44) 3.6 ±0.3 /2.6-4.5) 0.09 ±0.02 /0.05-0.17) 0,84 0,85 0,87 913 
MSA1 0. 31 ±0.04 /0 22-0.43) 3.4 ±0.3 /2 .3-4.4) 0.07 ±0.02 /0.03-0.13) 0,62 0,79 0,80 1033 
SSA1 0.30 ±0.03 /0 21 -0.40) 3.5 ±0.4 /2.2-4.5) 0.08 ±0.02 /0.03-0.16) 0,74 0,76 0,89 974 
All 0.30 ±0.04 (0.20-0.47) 3.5 ±0.4 /2.2-4. 7) 0.08 ±0.02 /0.03-0.17) 0,68 0,67 0,87 4746 
Table Vl-1 Average values, standard deviation and range of LA-IC PMS records of Mg/Ca, Sr/Ca and Li/Ca 
along the five individual rhodolith branches studied here as well as the entire dataset. Pearson 's 
correlation coefficients (r) obtained for the cross-correlation between every trace element for every branch and for the whole dataset are also displayed along with the number of data points (n) used 
to establish these correlations. 
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Vl-3.b Trace elements calibration 
Results from LA-lCPMS, solution lCPM S and lCP-AE S analyses for Mg/Ca and Sr/Ca, and 
LA-ICPMS and solu tion IC PMS for Li/Ca are in good agreement, both in terms of absolute 
concentration and of variation trends a long the rhodoliths branches (Figure Vl-4) . This 
confi rms the use of the LA-ICPMS technique as a reliable approach to obtain accurate 
Mg/Ca, Sr /Ca and Li/Ca concentrations in S. durum rhodoliths. However, it has to be noted 
that the match between the results of the three methods is not perfect, even fo r the 
solution ICPM S and lCP-AES approaches, where the same samples were used for analysis. 
0.34 
1:: ~ ~ 0 r ~ ~ 
~ 400 
~ ~ \ 360 1 
---v  320 §. 
"' 280 \,2 
u5 
iJ~ ~ ~l 
M M N M ~ 0 m ~ ~ ~ ~ ~ 0 ~ ~ 6 6 N ~ ~ ~ ~ 6 ~ ~ ~ ~ N M ~ N N ~ N N 
Distance (mm) Distance (mm) Distance (mm) 
BSA MSA SSA 
Figure Vl-4 Trace elements concentrations along the BSA , MSA and SSA rhodoliths (distances are from the 
outside toward the center of the nodule) measured by LA-ICPMS (plain dots), solution ICPMS (open squares) and ICPM-AES {crosses). Error bars correspond to the standard error on each 
measurement for solution ICPMS and ICPAES data point, and to the standard error of the mean of 
each trace elements values recorded between the corresponding distance, for the LA-ICPMS data 
points . 
Vl-3.c Reproducibility of trace elements variations 
The reproducibility of trace elemental ratio across the five analysed rhodoliths 
branch es was assessed for both monthly and inter-annual variations (Figure VI-5). All but 
one correlation coefficients are significant at the 95% confidence level (n=60). 
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Mg/Ca and Li/Ca are the most reproducible at monthly resolution, with most of th e 
correlation coefficients c between r=0.4 and r=0.6. Sr /Ca is slightly less reproducible at 
this scale, with half of the r-values between 0.4 and 0.6 and the oth er half ranging from 0.2 
to 0.4. All correlations are, however, statistically significant (p<0.001; n=590). At the inter-
annual scale, higher correlations are generally observed, with r-values often >0.6 (Figure 
Vl-5). At this scale, Mg/Ca variations present the highest and most consistent correlation 
coefficients, whereas the correlation coefficients for Sr /Ca are relatively inconsistent, 
ranging from non-significant at the 95% level (for the pair BSA1-BSA2) to up to r=0.8 
(Figure Vl-5). 
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Figure Vl-5 Cross-correlation matrix diagram for the records of Mg/Ca, Sr/Ca and Li/Ca along the five 
rhodoliths branches analysed with LA-ICPMS, considering both the monthly and inter-annual data. 
The correlation of each record with the local SST is also displayed. All correlations are statistically 
significant at the 99.9% and 95% levels for, respectively, monthly and inter-annual datasets, except for*. The scale is such that the clearer the colour, the higher the correlation coefficients. 
Vl-3 .d Trace element variations and local SST 
All monthly variations of Mg/Ca, Sr /Ca and Li/Ca along every rhodolith branch display 
significant correlations at the 99.9% confidence interval, with local SST (0.4< r <0.8 -
Figure Vl-5) . Mg/Ca records show the best fit to SST, with the majority of the correlation 
coefficients comprised between r=0.6 and r=0.8. Sr/Ca and Li/Ca present slightly lower 
correlations (0.4< r <0.6). The relationship between SST and trace elements variations is 
generally stronger at the inter-annual level. All the Mg/Ca records are highly correlated 
with SST variations (0.6< r <0.8) as well as the majority of Li/Ca records (p<0.05) . Sr /Ca-
SST correlation coefficients are also slightly improved compared to the monthly resolution 
(Figure Vl-5). 
Monthly elemental variations for all the analysed branches are displayed in Figure Vl-6, 
along with the respective average record and the instrumental local SST variations for the 
1963-2008 period. The relationship between the average elemental records and SST are 
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illustrated in Figure Vl-7, and Figure Vl-8 shows the average and standard deviation of 
inter-annual variations for each element against the local SST. 
Averaging the individual records results in significantly better correlations with local 
SST. Again, Mg/Ca presents the strongest relationship with SST at monthly and inter-
annual resolutions (r=0.85; p<0.001 and r=0.83; p<0.05, respectively - Figures Vl-7, VI-8). 
The correlation coefficients for the average Sr /Ca and Li/Ca versus SST are similar at 
monthly reso lution (r=0 .65 and r=0.66, res pectively; p<0.001 - Figure VI-7) and are 
improved when inter-annual variations are considered (r=0 .71 and r=0.75, respective ly; 
p<0.05 - Figure Vl-8). 
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deviations (shaded areas) of the trace elements averages as well as the corresponding Pearson's 
correlation coefficients (r); p<0.05 are also displayed. 
Vl-4 Discussion 
Vl-4.a Trace elements concentrations in 5. durum rhodoliths 
The slight differences observed between the trace elements concentra tions for each 
sa mple analysed by LA-lCPMS, solution lCPMS and lCP-AES may be attributed to (1) the 
sampling of different bra nches for the same rhodolith, between LA-lCPMS and both 
solution ICPMS a nd lCP-AES, which would result in samples not exactly matching each 
oth er's location. This, associated with the inter-branch variability in trace element 
varia tions, poss ibly led to reported trace elements concentration values that may not 
correspond exactly to the sa me area a long the rhodolith branch; and (2) a s light difference 
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in trace elements calibration between the solution ICPMS and ICPM-AES methods. 
Nevertheless, the results of these three independent analytical techniques are still in good 
agreement, confirming the ability of the LA-ICPMS technique to provide with accurate 
measurements of both trace elements concentrations and variations in S. durum 
rhodoliths. 
The Mg/Ca average value of 0.30 ±0.04 mol.mol-1 for entire branches of several S. 
durum rhodoliths is similar to previously reported values for the outermost portion of a 
single branch, as well as for the analysis of multiple rhodoliths over the 2010-2011 year 
(This thesis, Chapter Ill and V, respectively), indicating a consistency in Mg incorporation 
both across the Ricaudy Reef rhodolith bed and over time. Our Mg/Ca results for S. durum 
are also in agreement with the 0.08-0.40 Mg/Ca (molar) range reported for coralline red 
algae in general (Chave, 1954), albeit they are slightly higher than for most of the other 
species studied (Table Vl-2). The difference in living temperature range between most of 
the coralline red algae species presented in Table Vl-2 (cold-water) and S. durum (tropical 
water), is likely to be responsible for a significant part of the Mg/Ca concentration 
difference (e.g. Oomori, 1987). However, Mg/Ca in S. durum is also higher than in a 
specimen of Lithothamnion crassiusculum rhodolith from a very similar temperature range 
(Halfar et al., 2000). In this case, temperature alone cannot explain the difference in Mg/Ca 
concentration. Calcification rates might play a role in the incorporation of Mg into calcite, 
with higher Mg affinity for calcite with faster calcification (Rimstidt et al., 1998). This 
effect cannot be ruled out in the comparison between S. durum and L. crassiusculum as the 
extension rates reported for S. durum rhodoliths (This thesis, Chapter lV) are significantly 
higher than for L. crassiusculum (Halfar et al., 2000). However for different cold-water 
coralline red algae species with much lower growth rates, Kamenos et al. (2008) reported 
Mg/Ca values that are of a similar range to the ones of L. crassiuscu/um (Hal far et al., 2000; 
Table Vl-2). It has been shown that a significant fraction of the Mg content in S. durum is 
likely to be associated with actual or remnants of organic matter present inside the cell 
structure (This thesis, Chapter 111). The removal of organic-related material in S. durum led 
to a constant offset of --0.05 Mg/Ca along the MSAl rhodolith branch. The correction 
from this Mg/Ca excess, that would not have been recorded, if present, in L. crassiusculum 
due to the sampling strategy adopted by Halfar et al. (2000) using electron microprobe 
analysis (see also This thesis, Chapter Ill), would narrow the difference in Mg/Ca 
concentration between S. durum and L. crassiusculum, but S. durum Mg/Ca values would 
still be slightly higher. Consequently, as previously suggested (Halfar et al., 2000; Kamenos 
et al., 2008), our results indicate a most probable role of inter-species variability in the 
differences in Mg composition of coralline red algae. 
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Mg/Ca 
Chave, 1954 Various Various 0.08 - 0.40 0,007 n/a X-Ray spectrometry 
Chave and Wheeler, 1965 C. compactum Gulf of Maine, USA 0.10 - 0.16 0,005 n/a XRD 
Moberly, 1968 C. compactum Quebec, Canada 0.08 - 0.22 0,013 n/a EPMA 
Halfar et al., 2000 L. crassiuscu/um Gulf of California, Mexico 0.15 - 0.29 0,017 n/a EPMA L. glaciale Newfoundland, Canada 0.08 - 0.22 0,012 n/a EPMA 
Kamenos et al., 2008 L. glaciale Loch Sween, Scotland 0.15 - 0.33 0,019 0,97 EPMA 
0,034 0,87 Ion probe P. calcareum Isle of Arran, Scotland 0.17 - 0.31 0,019 0,89 EPMA 
Hetzinger et al., 2009 C. nereostratum Aleutian Is, USA 0.08 - 0.18 0,015 0,50 EPMA 
Hetzinger et al., 2011 C. nereostratum Aleutian Is, USA 0.09 - 0.17 0,015 0,54 LA-ICPMS C. compactum Newfoundland, Canada 0.08 - 0.26 0,012 0,77 LA-ICPMS 
This study S. durum Noumea, New Caledonia 0.24 - 0.39 0,011 0,85 LA-ICPMS 
Sr/Ca 
Kamenos et al., 2008 L. glaciale Loch Sween, Scotland 0.0027 - 0.0055 2.10·4 0,88 Ion probe P. calcareum Isle of Arran, Scotland 0.0024 - 0.0041 1.10·• 0,83 EPMA 
Hetzinger et al., 2011 C. nereostratum Aleutian Is, USA 0.0031 - 0.0036 0.8.10·4 0,21 LA-ICPMS 
C. compactum Newfoundland, Canada 0.0031 - 0.0036 0.6.10'4 0,31 LA-ICPMS 
This study 5. durum Noumea, New Caledonia 0.0029 - 0.0040 0.7.10'4 0,65 LA-ICPMS 
Table Vl-2 Mg/Ca and Sr/Ca range of values (in mol.mol-1) reported in the literature for various modern species of coralline red algae across the world. Where applicable, the amplitude of variation for each element against temperature (per degree Celsius) is indicated as well as the corresponding Pearson's correlation coefficients (r) . The technique used to for trace elemental analysis is also reported . EPMA: electron microprobe ana lysis; XRD : X-Ray diffraction; LA -ICPMS: Laser ablation inductively coupled plasma mass spectrometry. 
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The range of Sr/Ca va lues in 5. durum is within va lues reported for cold water species 
of coralline red a lgae (2.2-5.5 mmol.mo!-1; Kamenos et al., 2008; Hetzinger et al., 2011 -
Table VI-2). The temperature difference between the va rious collection sites is therefore 
to be excl ud ed as a factor controlling the Sr content of different species of coralline red 
algae. Kamenos et al. (2008) suggested a role of organic-bound Sr as a potential source of 
Sr enrichment. However, neither Sr /Ca concentrations nor Sr /Ca variations showed a 
significant difference after H20 2 treament of a S. durum rhodolith branch (This thes is, 
Chapter V) , suggesting Sr content in rhodolith 's calcite is not significantly affected by the 
presence of organic matter. Higher calcification rates, as observed in S. durum compared 
to the other specimens studied (This thes is, Chapter IV) should result in higher affinity of 
Sr with calcite (Carpenter and Lohman, 1992; Rimstidt et al., 1998) an d therefore higher 
Sr /Ca concentrations in S. durum. Our resu lts sugges t that a significant effect of the growth 
rate on Sr incorporation in coralline red algae is also unlikely. Sr concentration in calcite 
would be affected by Sr concentrations in seawater (e.g. Pingitore Jr. an d Eastman, 1986). 
However, Sr/Ca has been shown to only vary by -2-3% globally, mainly due to sa linity 
differences along latitudinal gradients (de Villiers, 1999). This relative uniformity of Sr in 
the world oceans may explain similarities between Sr/ Ca concentration values between 
different coralline red algae species fro m different oceanic environments, hence 
suggesting that the Sr content in coralline red algae is not species dependant. 
Li/Ca co ncentrations have not ye t been reported for cora lline red algae. However, 
ave rage va lu es presented here are comparable to the ones of other calcareous organis ms. 
Li /Ca concentrations for 5. durum rhodoliths (0.03 to 0.17 mmol.mol·1) are higher than the 
range reported in corals (0.005 - 0.009 mmol.mol-1; Marriott et al., 2004a; Rollion-Bard et 
al., 2009) and various species of foraminifera (0.003 - 0.024 mmol.mol·1; Bryan and 
Marchitto, 2008; see also Delaney and Boyle, 1986; Hall and Chan, 2004, Marriott et al., 
2004b; Yu et al., 2005). They are also sligh tly higher than the ones reported in 
brachiopods (0.018 - 0.05 mmol.mol-1; Delaney et al., 1989) but lower than lacustrine 
ostracods Li/Ca concentrations (0.04 - 0.20 mmol.mol·l; Zhu et al., 2012). 
Vl-4.b Trace elements reproducibility 
All trace elements records are significa ntly cross-correlated at monthly reso lu tion, 
indi cati ng that common processes are likely to be involved in the varia tions of Mg/Ca, 
Sr /Ca and Li/Ca into S. durum rhodoliths. However, diss imilarities are also observed and 
may have different sources of explanation. 
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The uncertainty of the age model (1 to a few months) could have a significant impact on 
the reproducibility of the signals. This may explain the generally higher correlations 
observed at the inter-annual resolution. 
Partial diagenesis can also be a potential factor of trace elements variability in coralline 
red algae, however, it is unlikely here du e to the absence, along the sampling tracks set for 
this study, of visib le recrystallisation features (see This thesis, Chapter 111), as we ll as the 
absence of conceptacles in S. durum that could be subject to post-formation infillings (e.g. 
Moberly Jr., 1968). Furthermore, no mark of cessation of growth has been observed in any 
of the S. durum specimens presented here and it has been shown that abiotic carbonate 
precipita tion is prevented at the alga l sur face, while coralline red algae are living 
(Alexandersson, 197 4 ). 
The effect of variable growth rates could influence the trace element incorporation into 
S. durum, with Mg, Sr and Li being potentially more eas ily substituted for Ca with faster 
growth rates (Rimstidt et al., 1998; Marriott et al., 2004b ). As extension rates for the 
different branches studied here are very variab le during the studied period (This thesis, 
Chapter IV) , it is a factor to potentially take into account. However, at the seasonal leve l, 
extension rates have been suggested to be of insignificant influence on trace element 
variations (This thesis, Chapter V). 
Non-systematic distribution of organic matter in the rhodoliths may affect the Mg/Ca 
variabili ty, however, this characteristic has not been documented nor determined here 
and the H20 2 treatment of the MSA branch did not significantly affect the Mg/Ca variations 
(This thesis, Chapter 111), hence, we speculate this hypothesis is unlikely to occur. The 
compos ition or var iation of Sr /Ca and Li/Ca are not affected by H20 2 treatment (This 
thesis, Chapter V). 
Another potential source of trace element variability in rhodoliths resides in 
fluctuations of trace elem ents concentrations in the ambient seawater. As rhodoliths are in 
contact with the sediment, the boundary layer can be crucial to consider, particularly for 
Mg, which is abundant in the clay material of the surrounding landscape (e.g. Baltzer and 
Trescases, 1971) and in the surface sed im ents (Ambatsian et al., 1997). Indeed, oxidation 
potentials of those sediments could highly vary over a short period of time and/or a short 
spatial scale, accord ing to various factors such as local hydrodynamics or bioturbation 
(Grenz et al., 2010). This could result in variable dissolved Mg concentrations in the 
boundary layer that are likely to translate in Mg/Ca variability between different 
rhodoliths of the same bed. Sr /Ca and Li/Ca variations in rhodoliths are also possibly 
subject to changes in dissolved concentrations of their corresponding cations in seawater 
and the boundary layer. Unfortunately, the extent of this effect is hardly quantifiable due 
to the nature of the variability sources. 
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Overall, Mg/Ca shows the highest reproducibility, suggesting that it is the leas t affected 
by the above-mentioned sources of variability. Sr / Ca and Li/ Ca are closely related o each 
other and display a similar reproducibility that may indicate that they are both affected in 
a similar way by variability factors. 
Vl-4.c Trace elements relationship with SST 
All trace elements records show highly significant, positive relationships with local SST 
at both monthly and inter-annual resolutions (Figure Vl-5), suggesting that SST pplays a 
major role on the variations of Mg/Ca, Sr /Ca and Li/Ca in S. durum rhodoliths over the 
studied per iod. These trace elements-SST relationships are enhanced when the average 
records are considered (Figures Vl-6, Vl-7). It appears that averaging across branches of 
the same rhodolith specimen as we ll as across va rious organisms permits the elimination 
of a significant fraction of the non-systematic so urces of variability affecting the individual 
signals and, therefore, highlights the common trends related to the environmental 
influence. 
V/-4.c.1 Mg/Ca 
Mg/Ca display the strongest correlation with local SST and is considered to be the best 
candidate for temperature reconstructions from 5. durum rhodoliths at monthly to inter-
annual reso lutions. The extent of the Mg/Ca relationship with temperature (average: 
r=0.85; individual records 0.6< r <0.8) is concordant wi th previously reported va lues for 
cold-water environments (Table Vl-2). It is generally higher than for C/athromorphum 
nereostratum and C. compatum using electrom microprobe and LA-ICPMS techniques 
(0.50< r <0 .77; Hetzinger et al., 2009; 2011) but lower than for L. glacia/e and 
Phymatolithon ca/careum using ion probe and electron microprobe techniques (0.87< r 
<0.97; Kamenos et al., 2008). However, it has to be noted that the studies by Hetzinger et 
al. (2009; 2011) used satellite-derived regional SST for their comparison, whereas 
Kamenos et al. (2008), used in situ temperatures. It is expected that the comparison of 
Mg/Ca va riations from both of these studies with local area SST, as it is the case for th is 
study, results in respectively higher and lower correlation coefficients, thus matching up 
even better with our findings. 
It has been proposed that the Mg composition in coralline red algae varies by abou t 1 % 
MgCO3 (equivalent to 0.013 Mg/Ca mol.moP) per degree Celsius (e.g. Halfar et al., 2000). 
The slope of the linear regression between Mg/Ca variations in S. durum and local SST is 
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0.011, which is in good agreement with this propos ition and within the range of 
previously reported s lopes for Mg/Ca va riations (Table Vl-2). Therefore, it appears that, 
despite a probable species-specific effect on the absolute Mg concentration in coralline red 
algae, the range of Mg variations aga inst seawate r temperature is consistent between 
different species and a lso different environments. A positive, 3.1 ±0.4% variation in Mg 
composition per degree Celsius was predicted for abiotic calcite (Oomori, 1987). Our 
results indicate a positive variation of 3.5% per degree Celsius in S. durum, hence adding 
further co nfid ence in the suggestion that there is no significant vital effect on the Mg/Ca 
variations in the cora lline red algae skeleton (Ries, 2006; Kame nos et al., 2008). 
Vl-4.c.2 Sr/Ca and Li/Ca 
Although the Sr /Ca-SST relationship is still significant with r=0.65 for the average 
monthly record (Figure VI-7), Sr/Ca variations in S. durum display weaker correlations 
with SST than Mg/Ca. This is concordant with the observations of other studies on Sr /Ca 
variations in co ralline red a lgae (Kamenos et a l., 2008; Hetzinger et al., 2011). The 
correlation coefficients between Sr /Ca and local SST as well as the amplitude of Sr /Ca 
variations over the range of SST are in agreement with previously reported values (Table 
Vl-2). Indeed, with an average Sr/Ca (mol.mol-1) variation of 0.7 10·4 .°C-1, our res ults 
match the range of 0.6 10-4 - 2 10-4 .0 C-1 obta ined by Kamenos et al. (2008) and Hetzinger 
et a l. (2011) for four different cora lline red a lgal speci es from cold water environments 
(Table Vl-2). Consequently, it appears that Sr/Ca va riations with SST are consistent within 
a wide range of coralline red a lgae species as well as drastically different environments. 
Li/Ca variations sh ow a pos itive relation ship with SST of the sa me order th an the Sr /Ca 
variations as well as a strong correlation with those Sr /Ca variations in each individual 
record. This suggests that Li/Ca and Sr /Ca sha re similar factors influ encing their 
variations. 
For ab iotic calcite precipitation, negative correlations with temperature a re predicted 
for both Sr/Ca (Kinsm an and Holland, 1969) and Li/Ca (e.g. Marriott et al., 2004a). This 
has been observed in various calcareo us organisms (Sr /Ca in corals: see Correge, 2006 for 
a review; Li/Ca in foraminifera: e.g. Hall and Chan, 2004; Marriott et al., 2004b; Byan and 
Marchitto, 2008; in brachiopods: Delaney, 1989; in corals: Marriott et al., 2004a; Montagna 
et a l., 2006; Rollion-Bard et a l., 200 9; Hathorne et al., 2009). A strong vital effect was 
suggested by Kamenos et al. (2008) to explain th e positive Sr/Ca-SST relationship. Our 
observa tions agree with this hypothesis. Indeed, calcite deposition in corallin e red algae 
occurs within the cell walls (Chisholm, 200 3), where specific polysaccharide fibrils and 
algi nic ac id polymers a re thought to inte rvene at the beginning of the mine ralisation 
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process (Bilan and Usov, 2001) . These polyme rs have been proposed as being res ponsible 
for the preferentia l formation of high-Mg calci te over a ragonite in environments where 
aragonite precipitation should normally occur (Wada et al., 1993). The active role of 
coralline red algae in precipitating high-Mg calcite over aragonite has also been 
demonstrated from laboratory experime nts (Ries, 2006; 2009). It is therefore possible 
that th e presence of specific organic components, through their high affin ity with diva lent 
cations (Bilan and Usov, 200 1), favours high concentrations of these cations (and 
particula rly Mg2• ) in the restricted cell wa ll environment, from which calcite crystals 
mineral ise. An increase in Mg2• concentration in the parent solution has been shown to 
result in an increase of the distribution coefficients of both Sr2• (Carpenter and Lohman, 
1992) a nd Li• (Okumura and Kitano, 1986), which will, therefore, be more easily 
incorporated into calcite. Okumura and Kita no (1986) also showed a positive linea r 
relationship between the MgCO 3 concentration and the Li content in calcite. Conseq uently, 
we speculate that the variations of Sr / Ca and Li/Ca in coralline red algae may be primarily 
controlled by the varia tions in Mg incorporation into the calci te skeleton. This could 
explain (1) the fact that Sr/Ca a nd Li/Ca va riations are positively correlated to SST, 
despite the fact that a biotic calcite precipitation and observations in other calcareous 
organisms predict negative correlations; (2) the lower extent of the Sr /Ca-SST and Li/Ca-
SST relationships compared to the one of Mg/Ca-SST. Indeed, for Sr/Ca and Li/Ca, SST 
variations may only be an indirect control, the major influentia l factor being the Mg/Ca 
variations, itself being directly controlled by SST variations. 
Further investigations should focus on Sr and Li isoto pes measurements in order to 
ga in more insight into the extent of the algal influence on Sr and Li incorporation into the 
coralline red algae calcite. 
Vl-4.d Regional climate record 
Mg/Ca variations in S. durum from the Ricaudy Reef re liably record local SST va riations 
at monthly_ to inter-annual timescales. Wh en compared to the Oceanic Nino Index (ONI), 
which is a climate index of ENSO variability fn the tropical Pacific 
(http: //ggweather.com/enso/oni.htm), it appea rs that the average inter-annual Mg/Ca 
anomaly s ignal is significantly correlated with ONI variations over the studied period, with 
the best fit obtained using a 4-month lag (Figure Vl-9A) . This 4-month lag also gives the 
best correlation between ONI and the local SST anomalies (Figure Vl-9A). Delcroix and 
Lenormand (1997) obtained the best response of the SST in the lagoon of New Caledonia 
to the ENSO variability with a 3- month lag. Considering that the Ricaudy Reef, as well as 
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the nearby site of instru mental SST measurements are located near shore, and therefore, 
ca n be subject to specific hydrodynamical conditions as, for instance, longer residence 
times of the waters that approximate 15 days (Jouon et al., 2006; Ouillon et a l., 2010), a 
month difference between the New Caledonian lagoon in general and our study site, is not 
incoherent. 
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Figure Vl-9 A: Lagged cross-correlation diagram between inter-annual local SST and average Mg/Ca 
anomalies and the Oceanic Nino Index (ONI). The sca le is such that lighter colours correspond to 
stronger anti-correlations. A '+' symbol stands for a positive correlation coefficient and the stars highlights the +4 months lag, for which the highest correlation was obtained. Correlations are 
significant for lrl>0.3; p<0.05. B: Variations of inter-annual local SST anomaly, average Mg/Ca 
anomaly and ONI for the 1965-2007 period. Positive anomalies in the ONI record (red areas) 
represent El Nino periods and negative anomalies (blue areas) are characteristic of La Nina 
periods. Note: the ONI representation takes into account the 4-month lag discussed in the text. 
Mg/Ca anomalies in S. durum from the Ricaudy Reef are able to record the extent of the 
regional climatic variability in the Pacific (Figure VI-98). In parti cular, the majority of the 
La Nina periods (i.e. negative ONI values associated with higher SST in New Caledonia) 
appear clearly as positive Mg/Ca anomalies. The El Nino periods (i.e. positive ONI and 
lower SST), however, are less visible in the S. durum record. Specifically, the 1982-83 and 
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1997-98 strong El Nino events (Caviedes, 1984; McPhaden, 1999) are missing from the 
Mg/Ca anomalies (Figure VI-98). It has to be noted though, that these events resulted in 
only very slight decreases in the local SST near the Ricaudy Reef. 
Vl-4.e Mg/Ca in rhodol iths vs. Sr/Ca in corals 
It is on ly recently that corall ine red algae have been assessed as high-resolution 
archives of the environment (e.g. Kamenos et al., 2008; Hetzinger et al., 2009). The 
essential part of these studies focused on high-latitudes species where the reliabil ity of the 
environmental reconstruction can almost exclusively be compared to the ones of bivalve 
molluscs that are we ll -known to present adverse limitations fo r these types of study due 
to an ontogenic effect as they grow (Wanamaker et al., 2011). One of the mostly used and 
accurate tools in high-reso lution palaeo-environmental studies is schleractinian corals 
(e.g. Correge, 2006) that are, however, mostly limited to tropical regions. The comparison 
between coralline red algae and corals for high-resolution temperature reconstruction 
will enable further assessment of the reliability and potential of cora ll ine red algae for 
palaeo-temperature reconstructions. 
A high-reso lution Sr/Ca record from a Porites sp. coral has been gen era ted from the 
Ricaudy Reef and covers 17 years of SST variations from 1975 to 1992 (Montaggioni et al., 
2006). The correlation between these two variables is strong (r=-0 .72). The SST 
relationships obtained from the Sr /Ca variations of the Po rites sp. co ral and the average 
Mg/Ca variations in the S. durum rhodo li ths are in good agreement at monthly resolution 
and lead to highly significant correlation coefficients (r= -0.79 and r=0.87, respectively for 
the coral and rhodolith records, respectively - Figure VI -10). This suggests that the high-
resolution Mg/Ca reconstruction of SST from S. durum rhodoliths is as reliable as the 
Sr /Ca reconstruction from a Po rites sp. coral from the same site. It has to be noted that the 
correlation associated with the average rhodolith Mg/Ca even exceeds the one of coral 
Sr/Ca for the 1975-1992 period, however, if the individual rhodolith records are 
considered, The Mg/Ca-SST correlations are slightly lower than the ones of the Sr/Ca-SST 
of a single coral colony. This indicates that the Mg/Ca variations in a single rhodolith 
branch may be more affected by factors other than SST than the Sr / Ca of a single coral 
colony. Averaging the Mg/Ca records of rhodoliths permits removal of most of the 
variability factors and achieve better SST reconstructions. Simi lar conclusions can be 
drown from the inter-annual variations of Mg/Ca in S. durum rhodoliths and Sr/Ca in 
Porites sp. coral against local SST (Table VI-3), with a slightly better SST reconstruction 
from the average rhodolith Mg/Ca . 
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Vl-5 Conclusion 
High-resolu tion trace elements records in S. durum tropical rhod ol iths were accurately 
measured us ing LA-ICPMS. Records from di ffe rent rhod oli th branches all show cons istent 
ave rage absolu te values and a simila r range of variation for each trace element. 
Mg/Ca co ncentration slightly exceeds most of the previously reported values for other 
corallin e red algae species, likely resu lting from higher li ving tem peratures. It also appears 
that a species-speci fic effect may be crucial in the incorpo ra tion of Mg in S. durum. Sr /Ca 
concentrations are sim ila r to those previously reported, suggesting a common mode of Sr 
incorporation shared between different coralline red algae species. It is the first time 
Li/ Ca concentrations a re reported in corallin e red algae and the range of values is within 
previous reports for other calcareous organisms . 
Trace elements va riations over the 1963-2008 period display significant cross-
correlations between every branch, however, a non-systematic var iability is observed. 
Mg/Ca is the most reproducible of the ana lysed trace elements, indicating a lesser effect of 
non -environmental facto rs on its variations in S. durum rhodolit hs. 
The average records of Mg/Ca, Sr / Ca and Li/Ca are significantly correlated to the local 
SST at both monthly and inte r-annual timescales. Mg/Ca variations show the best fit with 
local SST, confirming previous suggestions on the preferential use of Mg/Ca over other 
trace elements for SST reconstructions. Sr/Ca and Li/Ca are thou,ght to primarily reflect 
the variations in Mg incorporation into the rhodoliths rather than being directly 
influe nced by the SST. 
S. durum rhodo liths are able to record the regional cl imate pattern as shown by the 
sign ificant correlation between inter-annual Mg/Ca anomalies and the ON! over the entire 
stud ied period. 
A comparison of Mg/Ca variations in S. durum with Sr/Ca variations in a Porites sp. 
coral from the same site suggests that coralline red algae have the potentia l to be a proxy 
as rel iable as corals in terms of SST reconstruction. 
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CHAPTER 
VII 
A record of mining and industrial 
activities in New Caledonia based 
on trace elements in rhodolith-
forming coralline red algae 
Keywords: CCA, Sporolithon durum, laser ablation, metals, pollution 
Abstract 
We investigate the abili ty of coralline red algae to record historical mining activities in 
the southwest region of New Caledonia. From the early 1960s until 1981, industrial nickel 
mining took place in the Coulee River watershed, drastically modifying the landscape of 
the area as well as the depositional regime in the adjacent bays. We have used laser 
ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to generate high-
resolution variations of trace metal (Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca) concentrations in 
three -45 years old, free-living forms (i.e. rhodoliths) of the coralline red alga Sporo/ithon 
durum from the Ricaudy Reef in the inner lagoon of New Caledonia. Absolute metal 
concentrations as well as monthly-resolution trace metal records a're quite variable and 
we identified a significant role of the algae in the uptake of Fe, as well as a n strong 
association of Co with the organic component of the rhodolith, to potentially explain some 
of this variab ili ty. In sp ite of this, all three rhodoliths show elevated Mn/Ca, Fe/Ca and 
Ni/Ca concentrations during the industrial mining period (Mn/Ca: 31-86 µmol.moJ-l; 
Fe/Ca: 0.3-0.8 mmol.moJ-l; Ni/Ca: 6-10 µmol.mol -1 - 1963-1977) relative to th eir 
respective present-day values (Mn/Ca: 14-30 µmol.mol -1; Fe/Ca: 0.1-0.3 mmol.mol-1; 
Ni/Ca: 4-6 µmol.mol- 1 - 1993-2008). Mn/Ca and Fe/Ca concentrations track the intensity 
of mining whereas Ni/Ca concentrations appear more sensitive to the type of material 
being targeted during two separate stages of mining activity. Mn/Ca, Fe/Ca and Ni/Ca 
decrease rapid ly following the cessation of mining in 1981, although, the equivalent of 
current values were not reached until more than 10 years after that date. Co/Ca variations 
do not correlate with mining activity but rathe r increase steadily through the recorded 
period (from 0.1 to 3 µmol.mo! -1). We attribute this to the expansion of the city of Noumea 
and of industrial activities linked to the nickel refining and smelting over the past half 
century. Our results also suggest that the local, inter-annual ra in fall variability may have 
influenced the metal concentrations recorded in the rhodoliths during the period of 
intense mining activity. 
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Vll-1 Introduction 
Rhodoliths a re free-living form s of coralline red algae that are globally distributed in 
the shallow-water oceans from the tropics to the poles (Foster, 2001) . Coralline red algae 
play a significant role as carbonate reef builders ( e.g. Freiwald and Heinrich, 1994; 
Steneck et al., 2003). They secrete a cement of high-Mg calcite at a relatively slow growth 
rate varying from 0.015 to more than 1 mm.y·1 (Foster, 2001), depending on the species 
and environmental factors. Their slow growth rates, combined with the thick crusts that 
they generally form ( often > 10 cm, see e.g. Bosence, 1983b ), offer the potential to retrieve 
specimens that have grown continuously for decades to centuries (e.g. Frantz et al., 2005; 
Halfar et al., 2007). 
Coralline red algae have attracted the interest of the palaeoclimate community due to 
their potential to act as climate archives. Variations in growth rates and geochemical 
composition of their high-Mg calcite skeleton have been observed to relate to various 
environmental parameters . Mg/Ca variations in different species have been shown to 
correlate with in situ and regional sea surface temperature (SST) (e.g. Halfar et al., 2000; 
Kamenos et a l.,2008; Hetzinger et al., 2009; 2011), through the incorporation of 
magnesium into the ca lcite lattice (Kamenos et al., 2009). 0180, Sr/Ca and U/Ca variations 
have also been linked to oceanic temperature (Halfar et al., 2000; 2007; 2008; Kamenos et 
al., 2008; Hetzinger et al., 2011), while Ba/Ca variations were recently linked to salinity 
changes in the Northwest Pacific (Chan et al., 2011). Changing oceanic conditions and 
circulation have also been shown to be recorded in coralline red algae through the 
variations of oiso, 613C and ,:l.HC (H alfar et al., 2007; Williams et al., 2011; Fra ntz et al., 
20 00) . Growth rate and calcification pattern studies also led to several environmental 
reconstructions, including temperature variations and cloud cover (e.g. Halfar et al., 2010; 
2011; Burdett et al., 2011). 
Anthropogenic input of carbon, nutrients and toxins into the ocea ns via terrestrial 
runoff is one of the major environmental concerns for the sustainability of the marine 
biota. Monitoring studies have used va rious types of marine orga nisms to dete rmine their 
sens itivity to an thropogenic e ffects (e.g. Fichez et al., 2005; Silva et al., 2006). However, 
only a few of these "biomonitors" can record such effects with high resolution (subannual) 
over relatively long periods of tim e (seve ra l decades to centuri es) . Corals are the most 
widely used archives of environmental pollution in the tropical waters (e.g. Fallon et al., 
2002; McCulloch et al., 200 3; David, 2003; Alibert et al., 2003). Adding coralline red algae 
to the list of potential high-resolution bio-indicators of anthropogenic impact could extend 
the geographical boundaries of which such studies could be conducted to the extra-
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tropical and high-latitude regions, as well as broaden the use of coralline red algae as a 
high-resolution archive of environmental conditions. 
In this study, we analysed three rhodolith specimens of the species Sporolithon durum 
to assess their ability to record historical industrial mining activities in southwest New 
Caledonia. A record of over 45 years of trace metals (Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca) 
variations was obtained at high-resolution along five rhodolith branches using laser 
ablation inductively coupled plasma (LA-ICPMS) technique. Reproducibility of th e metal 
records along five different rhodolith branches is assessed and pathways leading to the 
incorporation of these metals into the rhodolith structure are also investigated. 
Vll-2 Study site and associated mining activities 
New Caledonia is located in the South West Pacific, near the tropic of Capricorn, about 
1500 km east of Australia (Figure Vll-1). The main island is ringed by the world's second 
largest barrier reef. It encloses a lagoon of -23,400 km 2 and up to SO m deep (Labrosse et 
al., 2000). The Ricaudy Reef is adjacent to one of the most populated area of Noumea, the 
capital city of the main island and is located at the southern end of Sainte Marie Bay 
(Figure Vll-1). An approximately 3-m deep, 500-m wide channel connects the Sainte Marie 
Bay to the Boulari Bay, which is under the direct influence of terrigenous input 
transported by the Coulee River (as shown by Fernandez et al., ?006). Fernandez et al. 
(2006) demonstrated that, as a consequence of its direct connection to the Boulari Bay, the 
Sainte Marie Bay receives a significant input of material from the Coulee River. Discharge 
from the Coulee River is closely linked to seasonal variations in local rainfall and displays 
a torrential-type of hydrological regime. During dry periods, the Coulee River has reduced 
discharge (1-3 m3s 1) and carries a minimal sediment load, whereas during intense 
rainfall events, discharge values can be more than a hundred times higher (e.g. -850 m3.s·1 
during cyclone Erica in 2003; Alric, 2009) and river waters are then loaded with sediment 
eroded from the catchment (Fernandez et al., 2006). The Coulee River basin rises up to 
about 500 m above sea level (Alric, 2009) and the steep slopes of the upper watershed 
have promoted the intense weathering of the silica- and magnesium-rich peridotite 
bedrock and the development Ni -rich laterite and saprolite ore deposits (Trescases, 1975). 
Erosion of these weathered profiles results in the transport of particles with high 
transition metal (Ni, Co, Cr, Fe, Mn) concentrations into the lagoon. 
Ni-ore extraction is the main economic resource in New Caledonia, which ranks as the 
3,ct largest Ni producer in the world. In addition to Ni-ores, mining activities also focus on 
Co, Cr and Mn extractions using open-cast mining methods that involve an initial 
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deforestation of the extraction site, followed by the removal of the surficial layers of the 
regolith before reaching the exploitab le saprolite and enriched laterite profiles. This leads 
to drastic changes in the natural landscape and leaves the mined sites exposed to the 
direct influence of eros ion and weathering (Labrosse, 2000; Fernandez et al., 2006). 
Mining in the Coulee River watershed started at the beginning of the 20th century with 
a relatively small scale Ni-extraction period from 1904 to 1965 during which -64,000 
tons of Ni were produced - P. Maurizot, pers. comm.). Large-scale industrial mining 
followed, and resulted in the extraction of more than five times the pre-mechanisation 
production of Ni (-362,000 tons) between 1966 and 1980. Mining activities in the Coulee 
region ceased in 1981 and since that time, despite attempts at landscape rehabilitation, 
sign ificant erosion and weathering of the original mining sites have continued to supply 
silica- and metal-enriched material to the Coulee River ( e.g. Fernandez et al., 2006). 
Australia 
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Figure Vll-1 Map of the studied area showing the Ricaudy Reef (red star) in New Caledonia, offshore the city of 
Noumea and the extent of the Coulee River basin (yellow-shaded area). 
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Vll-3 Material and methods 
Vll-3.a Rhodolith collection and samples studied 
Three rhodolith specimens have been the subjects of detailed study. These rhodoliths, 
formed by the coralline red algal species Sporo /ithon durum (Sporolithaceae family), were 
collected live in waters between 4 and 5 m deep by SCUBA divers on the edge of the 
Ricaudy Reef (22°18'57"S; 166°27'26"E), New Caledonia, in October 2009 (rhodolith 
labelled as BSA) and February 2011 (rhodoliths labelled as MSA and SSA). S. durum is the 
most abundant species in this low-slope, moderate-e nergy environment and reach 
concentrations of more than 50 individua ls per square meter, often entirely covering the 
substrate. 
The rhodoliths collected for analysis are of spheroidal shape and are larger than the 
average rhodolith size at the site. The lengths of their long axes are, respectively, 8.1 cm, 
8.5 cm and 7.4 cm for the BSA, MSA and SSA specimens. All three rhodoliths prese nt a 
dense branching structure (degree IV in the class ification of Bosence, 1983a) determined 
from the thick and very dense visible branches, which is representative of most S. durum 
at this site (Figure VII-2). 
Figure Vll-2 Photographs of the rhodolith samples studied. Top-left: Whole rhodoliths after collection from the 
Ricaudy Reef. Note the high branch density. Top.right and bottom: photos of transverse sections 
across the BSA, MSA and SSA rhodoliths. The dashed lines display the laser ablation tracks. The 
dark colouration surrounding the branches represents empty space or organic stains that are not 
derived from the coralline red algae. 
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The three rhodoliths specimens were oven dried ( 40°C) before being set in hard resin 
(araldite) blocks and sectioned along their long axes using a diamond rock saw. This 
procedure preserves the dense and fragile branch network during the sawing. Polished 
thick sections (2-5 mm-thick) were then cut parallel to each rhodolith' long axis-short axis 
plane, so as to obtai n transverse branch sections for analysis (Figure VII-2). 
The transverse section s reveal each rhodolith to be monospecific and to have grown 
continuously over its living periods (as evidenced by the absence of hiatuses or signs of 
growth disco ntinuity along branches such as the presence of green algae bands. Growth 
increments can be clearly seen with the naked eye as well as on high-definition digita l 
images of the samples. Reproductive structures (conceptacles) could not be seen by either 
method a nd are considered not to be present in any of the studied rhodoliths. 
Prior to laser ablation a nd solution ICPMS a nalyses, the thick sections were cleaned of 
a ny materia l that had been redeposited in th e pores of the skeleton structure during the 
cutting process by ultrasonic probe in milli-Q water. The sections were then dried in a n 
oven at 40°C overnight. 
Vll-3.b LA-ICPMS 
Three separate, continuous bran ches were selected for detailed analysis on the BSA 
specimen: two branches along the long axis on each side of the nodule (BSAl and BSA3) 
a nd one branch along the short axis (BSA2). Due to the complex three-dimensional 
branching structure of the rhodoliths, the cutting procedure did not recover a continuous 
branch from the centre to the edge of either of the MSA a nd SSA specimens. In these cases, 
two paralle l, overlapping branches were combined to obtain a complete record of th e 
cora lline a lgae's living period a long their long axes (Figure VII-2). 
LA-lCPMS analyses were carried out at th e Research School of Earth Sciences (RSES) of 
the Australia n Na tional Unive rsity (ANU) us ing an ANU Helex laser ablation system 
(1..=193 nm) connected to a Varian 82 0 ICPMS. Complete or partial thick sections of th e 
rhodoli ths were placed into the sam ple holder that enabled the entire length of the 
targeted branches to be measured in a single analytical run. Th e same a nalytical 
procedure was used for every run. Analytical tracks were pre-cleaned by ablating th e 
sample surface prior to ana lys is in order to eliminate any potentia l surface contam ination 
effect. A 42-µm-diameter laser spot was scanned at 5 µm.s-1 along the branch main axis of 
growth to analyse the sample surface with energy of 5 J .cm-2, at a repetition rate of 10 Hz. 
This a blation procedure produces a trough of <2 0 µm-deep in the rhodolith's skeleton. 
The calcite material is ablated in a helium atmosphere an d transferred via a combined He-
Ar gas flow to the ICPMS (Eggins et al., 1998). The isotopes 24Mg, 2SMg, 43 Ca, S5 Mn, 57 Fe, 
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S9Co and 60Ni were measured among others, resulting in a total integration time of about 1 
s per measurement cycle. The NIST SRM 612 standard glass was used for external 
calibration of trace metals. Calculation of detection limits (3o of the background) for each 
elements were based on the NIST SRM 612 GeoReM preferred concentration va lues (after 
Jochum et al., 2011) and were typically: Ca=O.O2 %, Mn=O.5 µg.g·1, Fe=S µg.g ·1, Co= 0.3 
µg.g·' and Ni=l µg.g· 1 . The data reduction method followed the one described in Longerich 
et al. (1996), using 43Ca as the reference isotope to normalise for varying ablation yield 
due to the variable porosity of the sample surface. Results of the LA-ICPMS analysis are 
presented element/Ca molar ratios (e.g. Mn/Ca, Fe/Ca - µmol.mol ·1). Backgrounds with 
laser off and external standards were ana lysed before and after every rhodolith branch 
scan and used to correct for any instrument drift during the analytical run. The 
combination of the laser ablation speed and the ICPM S integration time provided a 
resolution of -5 µm per data point that was averaged to -30 µm per data point, which 
corresponds to monthly to sub-monthly resolution in the rhodoliths, considering an 
average extension rate of 0.6 mm.yr·1 for the specimens analysed (see below - section Vll-
3.d). 
Vl l-3.c Solution ICPMS 
Approximately 1 mg samples of calcite powder was hand drilled from the rhodo lith 
skeleton at different locations along the long axis of the BSA and MSA nodule, in order to 
closely match the LA-ICPMS sampling strategy. Calcite powder samples were diluted (10 
times) in 2% HN03 solution prior to solution ICPMS analysis. Samples were weighed 
before and after the addition of the dilute HN03 for precise determination of the dilution 
factor. The same elements were a nalysed and ICPM S dwell times settings were used as for 
LA-ICPMS ana lyses (section Vll-3.b). Four standard solutions, prepared from "AccuTrace" 
reference standard solutions (National Institute of Standards and Technology) containing 
known concentrations of each analysed element, were used to generate calibration curves. 
A solution of pure 2% HN03 was used as a blank. Three calibration curves were 
established, before, during and after the analytical run to correct for instrumental drift. 
Repeats of a single sample and blanks were measured throughout the run to assess the 
instrument reproducibility and the detection limits for each e lement. Detection limits (3o 
of the blanks, n= 6) were as follows: Ca=S9 µg.g·1, Mn=49 ng.g·1, Fe=16 µg.g ·1, Ni=BS ng.g·1, 
Co=B ng.g·1. All measured concentrations in the samples were at least 17 times higher than 
the corresponding detection limit. The analytica l reproducibility was estimated by repeat 
analyses of one sample and found to be 1.8% (Ca), 0.9% (Mn), 3.6% (Fe), 2.8% (Ni) and 
3.9% (Co). 
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Vll-3.d Chronology: Radiocarbon and Mg/Ca cycles - annual bands counting 
The chronologies on the different analysed branches were established using a 
combination of radiocarbon dating and an association of seasonal growth band counting 
and periodic Mg/Ca cycles determination. Both methods gave concordant results (Chapter 
IV, This thesis) and the latter method has previously been used with success to derive age 
models for various species of coralline red algae (e.g. Hetzinger et al., 2009; 2011; Brudett 
et al., 2010; Gamboa et al., 2010). We used an eas ily identifiable match between 
overlapping Mg/Ca signals from different branches of the MSA and SSA specimens to 
construct a single Mg/Ca record for each whole specimen. Radiocarbon dating was carried 
out using the single stage accelera tor mass spectrometer (SSAMS) at RSES, ANU (see 
Fallon et a l., 2010 and Chapter IV, This thesis, for further details). The resulting 
chronologies for each branch were employed with the data analysis software AnalySeries 
(Paillard et al., 1996) to convert the LA-ICPMS records to a common temporal scale with 
monthly res olution . 
Vll-4 Results 
Vll-4.a Trace elements records 
V/1-4.a.1 LA-ICPMS signals 
The trace elements concentrations measu red by LA-ICPMS for the five rhodolith 
branches are pres ented in Figure Vll-3 . The chronology applied to each branch and used 
to convert distances a long the laser tracks to calendar yea rs is also shown in Figure Vll-3. 
Th e reproducibility of the profiles was tested by running two parallel tracks under the 
same experimenta l conditions along the BSA2 branch (Figure Vll-4). A close match is 
observed for each elem enta l ratio (Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca) meas ured on the two 
parallel tracks (0.77<r<0.83; p<0.0001), therefore, the record for the BSA2 branch 
presented in Figure Vll-3 rep resents the average of these two parallel tracks. 
Next page: 
Figure Vll-3 LA-ICPMS records of Mn/Ca , Fe/Ca, Ni/Ca and Co/Ca variations obtained along 5 different 
branches of 3 individual rhodoliths. Original , raw data have been smoothed with a 6-points 
average and are represented on the bottom axes of each profile against distance from the outside (most recent) layer of the branches (in mm). The chronology for each branch is also displayed 
above each plot and permits the correlation of the original distances with any particular year. Note 
the varying annual growth rates recorded for each profile. The BSA2 record and some parts of the 
SSA record correspond to the average signal of two parallel tracks (for BSA2) and parts of two 
overlapping branches (for SSA). 
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Figure Vll-4 LA-ICPMS record of two parallel tracks measured along the same rhodolith branch (BSA2) for 
Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca. Distance goes from the top (most recent) layer towards the bottom (oldest part) of the branch. Correlation coefficients for each profile show the reproducibility of the 
results. 
The consistent patterns of Mn/Ca, Fe/Ca and Ni/Ca variations between all the profiles 
enable differentiation of two main regions, separated by a transition zone. One main 
region is the youngest portion of the branches, from 2011-2009 to the early 1980s, 
correspon ding to dis tances between 0-12 and 0-22 mm according to the branch. Th e 
old est part of the records, fro m the mid-1970s to the early 1960s, corresponding to 
distances between 17-22 and 25-37 mm according to the branch, represents the second 
main region. The metal/Ca ratios vary from one specimen to ano ther. For the three 
branches of the BSA rhodolith, Mn/Ca values average at 14.4 µmol.mol ·1. A similar value is 
obtained for the SSA samp le (13 .6 µmol. mol-1). However, the Mn/Ca average value for the 
MSA rhodolith reaches a higher val ue (29.9 µmol.mol-1). In the oldest portion of each 
branch (17-22 to 25-37 mm), Mn/Ca concentrations increase from 2.0 to 4.8 times (BSA2 
and SSA, respectively) to reach values of 31.3 to 85.8 µmo l. mol ·1 for the BSA and MSA 
specimens, respectively. Fe/Ca concentrations vary from 0.14 (BSA) to 0.27 (MSA) 
mmol.mol·1 for the 2011 -early 1980s period (0 -12 to 0-22 mm according to the branch), 
and from 0.3 to 0.78 mmol.mol-1 for the oldest parts, corresponding to a 1.9 to 3.6 times 
increase (BSA2 and SSA, respectively). In the most recent part of the branches, Ni/Ca 
values range from 3.9 to 5.6 µmol.mol ·1 in all reco rds, and increase by a factor of 1.3 to 3.0 
(SSA and BSA3, respectively) to be 5.7 to 9.9 µmol.mol -1 within the bottom parts of the 
branches. The Co/Ca concentration ranges from 0.7 to 3.1 µm ol.mol·1 with th e highest 
va lu es (1.4 to 3.1 µmol.mol-1) generally occurring during the 2000s (outer 3-5 mm of the 
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branches) and the lowest (0.7 to 0.9 µmol.moJ-1) in the old er parts of th e branches. There 
is a significant decrease (1.4 to 3.6 times) towards the earlier parts of the records (i.e . 
early 1960s) . 
Despite differences in metal concentrations between branches, each element displays 
similar overall trends from the most recent to the oldest part of the five analysed 
branches. Mn/Ca and Fe/Ca are strongly coupled in each profile and, to some extent Ni/Ca 
also follows similar variations. For these metals, the 2011-early 1980s period ( outer 12-22 
mm) of each branch exhibits generally constant low values with sporadic, high-frequency 
peaks. The amplitude of these peaks is typically greater for Mn/Ca than for Fe/Ca and is 
the least pronounced for the Ni/Ca signals. The early 1960s to mid 1970s period (17-25 to 
22-37 mm) of each branch displays high-frequency variations that are higher in amplitude 
than for the youngest parts of the records. For most branches, a slight decrease is noted in 
he inner parts ( early to late 1960s) of the records for Mn/Ca and Fe/Ca. 
The Co/Ca variation pattern, with the absence of higher Co/Ca values in the oldest part 
of the analysed branches in addition to an increase in concentrations towards the 
youngest part of the records, differ drastically from what is seen for the Mn/Ca, Fe/Ca and 
Ni/Ca variations. 
V/1-4.a.2 Solution ICPMS dato and calibration of the LA-/CPMS signals 
Concentrations of Mn, Fe, Ni and Co determined by solution ICPMS analysis of samples 
from the same rhodolith specimens analysed by LA-ICPMS display consistent variations 
from the top to the bottom of the branches for the BSA and MSA rhodoliths (Figure Vll-5). 
Comparison between the elemental concentrations obtained by solution ICPMS and by 
LA-ICPMS (calculated assuming constant Ca concentration for every sample and using the 
average Ca concentration value obtained from solution ICPMS measurements) shows very 
similar results for Mn and Co. It was then possible to confidently assign absolute element 
concentrations to the Mn/Ca and Co/Ca values reported in Figure VJJ-3. The absolute Mn 
concentration in 5. durum ranges from 5-10 µg.g ·1 for the youngest part of the branches (0-
12 to 0-22 mm), to 11-34 µg.g ·1 for the oldest part (17-25 to 22-35 mm) . Co concentrations 
vary from 0.4 to 1.0 µg.g ·1 for the 2000s period (0-3 to 0-5 mm according to the branches) 
to 0.2-0.4 µg.g· 1 for the older parts. 
Solution ICPMS, Fe and Ni ana lyses appear to be affected by relatively high levels of 
interfe rence resulting in higher apparent bulk concentrations compared to values 
obtained using LA-ICPMS. Although these discrepancies are less pronounced for Ni than 
for Fe, we chose not to rely on the solution ICPMS outcomes for these two elements but, 
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ra th er, keep the con centration va lu es calibrated and derived from the LA-ICPMS 
measurements. The concentrations of Fe (Ni) along the rhodolith branches range from 48-
77 (1. 5-2) µg .g-1 for the 20 11-early 1980s period (0 -12 to 0-22 mm of the reco rds) to 130-
350 (2-5) µg.g-1 in the earliest period (17-25 to 22-35 mm). 
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Figure Vll-5 Comparison and calibration plots between metal concentration data obtained from solution ICPMS 
and elemental molar ratios over Ca recorded by LA-ICPMS for Mn, Fe, Ni and Co from the BSA and 
MSA rhodoliths . Solution ICPMS data points represent individual samples drilled along different 
branches for each rhodolith (dots). LA-ICPMS values (squares) were obtained by averaging the 
record corresponding to the same distance interval as the solution ICPMS samples for each 
rhodolith. For the BSA individual, the LA-ICPMS values were obtained from the average signal of 
the 3 branches analysed for that same rhodolith. Vertical error bars for the LA-ICPMS data points 
correspon ds to 2o for any particular distance interval. Vertical error bars for the solution ICPMS 
data points are too small to be displayed. Note that absolute concentrations displayed here for Fe 
and Ni are derived from the LA-IC PMS results and do not correspond to the solution ICPMS results 
(see text for deta ils). 
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Vll-4.b Trace elements reproducibility 
The reproducibility of trace elements in the rhodoliths skeleton is based on monthly 
data for each LA-!CPMS record and was tested at three different scales: intra-branch, 
intra-rhodolith and inter-rhodolith. The distribution of trace elements across a single 
rhodolith branch is shown by comparing the two parallel LA-ICPMS profiles along the 
BSA2 branch (Figure Vll-4). The variability between different branches of the same 
rhodolith is assessed using the profiles obtained for three branches from the BSA 
specimen. The reproducibility between rhodoliths is based on the average profile obtained 
from the BSA, MSA and SSA rhodoliths. Correlation coefficients are based on the monthly 
data for the 1963-2009 period and are presented in Table Vll-1. 
Within the BSA2 branch, Mn/Ca and Fe/Ca variations follow very similar patterns and 
show a high degree of reproducibility (r=0.82 and r=0.83, respectively; p<0.0001). Good 
reproducibility is also obtained for the parallel Ni/Ca and Co/Ca profiles along the same 
rhodolith branch (r=0.77; p<0.0001, for both signals). 
r Mn/Ca Fe/Ca Ni/Ca Co/Ca 
Single branch BSA2b BSA2b BSA2b BSA2b 
BSA2a 0.82 0.83 0.77 0.77 
Single rhodolith BSA1 I BSA2 BSA1 I BSA2 BSA1 I BSA2 BSA1 I BSA2 
BSA2 0.32 0.41 0.61 0.10* 
-
BSA3 0.47 0.51 0.60 0.63 0.55 0.43 0.12* 0.21 
lnter-rhodoliths SSA I BSA SSA I BSA SSA I BSA SSA I BSA 
BSA 0.69 0.74 0.59 0.22 
MSA 0.70 0.62 0.82 0.78 0.43 0.56 0.66 0.32 
Table Vll-1 Correlation matrix of the reproducibility of metal variations based on monthly data from a single branch to an inter-rhodolith scale. All coefficients are significant for a 95% confidence interval , 
except for *. 
The reproducibility of metal/Ca profiles between branches of the same rhodolith is 
generally much weaker. Mn/Ca and Fe/Ca in different branches display correlation 
coefficients that vary from r=0.28 to r=0.63. The lowest correlation coefficients are 
between the two branches that are perpendicular to each other, thus correspond to the 
long (BSAl) and short axes (BSA2) of the rhodolith's growth. Nevertheless, these 
correlation coefficients are significant at the 95% confidence interval (r=0.28 for Mn/Ca 
and r=0.41 for Fe/Ca). Correlation coefficients for Ni/Ca within the three branches of the 
BSA rhodolith range from r=0.42 to r=0.61 an d are also statistically significant. This 
contrasts with the correlation coefficients for Co/Ca, which are not statistically significant, 
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except for the BSA2-BSA3 branch comparison that is only weakly significant (r=0.21; 
p<0.05). 
Between rhodoliths, both Mn/Ca and Fe/Ca display good reproducibility between the 
three studied rhodoliths (0.62<r<0.70 for Mn/Ca and 0.74<r<0.83 for Fe/Ca; p<0.0001). 
Ni/Ca variations are more weakly correlated (0.43<r<0.59; p<0.0001) and are comparable 
to the intra-specimen values. In the case of Co/Ca, the profiles from SSA and MSA are in 
good agreement (r=0.60; p<0.0001) but, when compared wi th the BSA profiles, the 
reproducibility is weaker, although sti ll significant at the 95% confidence interval (Table 
Vll-1). 
Vll-5 Discussion 
Vll-5.a Trace metal variability and incorporation into the rhodoliths 
The agreement between the trace elements profiles along parallel tracks on the same 
branch indicates Mn, Fe, Ni and Co are consistently incorporated into the rhodoliths at the 
branch scale. However, some varrability is observed between records at the intra-
rhodolith and inter-rhodolith scales. 
Dissolution or recrystallisation processes are unlikely to contribute significantly to the 
metal concentration variability as back scattered electron images of different parts of 
branches show consistent and apparently unmodified ce ll structures from the margin to 
the centre of the studied rhodoliths (Figure Vll-6). One cause of this variability may be 
linked to the uncertainties with the age model, which is determined for each branch 
individually. Indeed, the linear interpolation of the trace element signals between every 
summer and winter peak wou ld result in a mismatch in the monthly data across branches 
when the sub-annual extension rates differ. 
Within an individual rhodolith, the greatest variab ility occurs between the long and 
short axes of growth profiles (particularly for Mn/Ca and Fe/Ca). This might be due to a 
combination of physical parameters. The surface sediments in the Sainte Marie Bay are 
enriched in trace metals (Daito et al., 2006; Debenay and Fernandez, 2009) therefore 
diffusive fluxes from the sedimen ts to the water column are likely to occur (see Grenz et 
al., 2010). This would create a boundary layer at the water-sediment interface, where 
rhodoliths live, with dissolved metal concentrations decreasing very rapidly from the 
sediments upwards. It is thus possible that, at any time, different parts of a rhodolith are 
exposed to seawater with different metal concentrations, therefore contributing to the 
variability recorded in the profiles. The regular overturning of the rhodoliths is also likely 
to enhance this observed variability. 
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Figure Vll-6 Light microscope (left) and back-
scattered electron (BSE) (right) images of 
different parts of a branch for the BSA 
specimen from the youngest portion of 
the branch (top) to the oldest part of the 
rhodolith (bottom), with an intermediate 
step in between (middle). Note the similar 
cell structure and alignment for each of 
the three parts of the branch, suggesting 
that no major dissolution/recrystallisation 
process occurred. 
In the New Caledonian lagoo n, oxygen a nd nutrient fluxes from the sediments can be 
highly . spatially variable (G renz et al., 2010). If trace metals present a similar 
characteristic, it could also explain some of the inter-rhodolith heterogeneity. Local fish 
feeding or grazing activities that can generate sediment resuspension in reefa l 
environments (Yahel et al., 20 02) may a lso contribute to variable amounts of available 
trace metals in the water column, across the rhod olith bed. 
For different rhodoliths, an active role of the alga in the incorporation of trace metals 
may explain some of the obse rved variability. Tab le Vll-2 presents the distri bution 
coefficients (Ko) of the corresponding divalent cations (Mn2•, Fe 2 • , Ni 2+ an d Co2•) into the 
high-M g calcite of rhodoliths. Published Ko" values for Mn2•, Fe2•, Ni2• a nd Co2• for ab iotic 
calcite are also displayed for comparison. Although the absence of any symbiont-mediated 
feeding process in coralline red algae (as it is the case, for example, in corals through 
- 175 -
VI I - A reco rd of mining and industri al activit ies based on trace element s in rhodo li ths 
zooxa nthellae - e.g. Harla nd a nd Nganro, 1990; Ha rland et a l., 1990; Fallon et al., 2002) 
eliminates a potential source of biologica l intervention in th e metal inco rporation into the 
rh odoliths, the Ko for Fe in the rhodoliths is - 100 times higher than fo r abiotic ca lcite 
(Tabl e Vll-2) a nd indicates a strong co ntribution of the cora lline red a lga in the upta ke of 
Fe from th e d issolved phase of seawater. We ca n speculate that the intensity of this 
biological effect is variabl e from one rhodolith to anoth er and thus, might explain 
diffe rences in the average Fe conce ntration recorded between specimens (see Figures VII-
3 a nd VII-5). A potential ro le of the alga is also suggested for Mn, Ni and Co (Table Vll-2), 
however, th e in tensity of t he biologica l processes in the incorporati on of these trace 
meta ls into the rhodoliths appears of less signifi ca nce tha n fo r Fe. It is important to note 
that the Ko va lues analysed here for the rhodoliths are only an indication of what may be 
happening at the s ite and are subject to various so urces of uncertainty. Ind eed, trace metal 
co ncentrations in seawater used here we re not measured exactly at the Ri caudy Reef but 
a t th e Anse Va ta Bay, a few kilom etres from th e rh odolith bed (Moreton et a l., 2009). Due 
to the high s patial varia bility of trace metal concentrations in the SW lagoon of New 
Caledonia (Migo n et al., 200 7), thi s can have a s ignifica nt effect on the actual Ko va lue 
ca lculated fo r the study site. Also, con sidering that the wate r-sediment boundary laye r is 
enriched in trace metals would result in lower Ko values tha n calculated here. The rapid 
average extens ion rate of S. durum (Chapter IV, This th es is) is ano ther fa ctor that may 
in fl uence to some extent t he Ko values in the rhodoli ths (Rimstidt et al., 1998). Therefo re, 
a lthough a vita l effect in Fe incorpora ti on seems to s ta nd out in our results, a more re li a ble 
quanti fi cation of the di stri bu tion coeffi cients of MnZ+, NiZ+ and coz+ in S. du rum rhodoliths, 
potentia lly using culture experiments, a ppears critical in orde r to bette r understand the 
ro le of the alga in the in co rp oration of these metals. 
Rhodolith Seawater 
conce ntration conce ntration Ko Ko' 
(µmol.mol -1) (µ mol.mol -1) rhodoliths ca lcite 
Mn/Ca 15 2.29 Mn 2 + 7 13-17 
Fe/Ca 153 0 .34 Fez+ 450 4 
Ni/Ca 4 .1 1. 62 Ni 2+ 2.5 0.2 
Co/Ca 1.8 0 .065 Caz+ 28 8 
Table Vll-2 Left: Average Mn/Ca , Fe/Ca, Ni/Ca and Co/Ca concentrations (in µmol.mor' ) in the modern part of 
the rhodoliths (1993-2008, except for Co: 2008-2005) and the corresponding concentrations in 
seawater calculated from the data in Moreton et al. (2009) for the Anse Vata site. Note Ca 
concentration value was calculated as the average of 9 solution ICPMS measurements of seawater 
samples collected bi-monthly at the Ricaudy Reef between October 2009 and February 2011 (unpublished data) . Right: Distribution coefficients (Ko) for the divalent cations Mn2\ Fe2♦ , Ni 2 .. and 
Co 2• calculated for the rhodoliths as Ko = Rhodolith cone . I Seawater cone. , compared to 
corresponding published Ko' values for calcite (Mn 2 .. : Mucci , 1988; Pingitore et al. , 1988; Fe2 .. : 
Dromgoole and Walter, 1989; Ni '•: Rimstidt et al. , 1998; Co'•: Lorens, 1981). 
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The sign ificance of the li vi ng component of the S. durum rhodoliths in the Co 
distribution is illustrated by the decrease in Co/Ca co ncen tration in the outermost part of 
the MSA branch after H20 2 treatment (Figure Vll-7). This indicates that approximately 
60% of Co in the modern part of the branch was bound to actual or remnants of organic 
matter, which is a potential source of va riability for Co/Ca distribution between rhodolith 
branches as well as rhodolith specimens. H20 2 treatment had no significant effect on the 
average Mn/Ca, Fe/Ca and Ni/Ca concentrations along the MSA branch (Figure Vll-7), 
suggesting that these elements are not controlled by orga nic matter distribution in the 
rhodoliths and a re likely to be incorporated in the calcite structure. 
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Figure Vll-7 LA-IC PMS record of Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca from two parallel tracks carried out along the 
same rhodolith branch (MSA1). Grey records are before the 15% H2O2 treatment aimed at removing 
the organic matter from the branch , and the coloured records are after the 15% H2O2 treatment was 
applied. Correlation coefficients for each profile show the reproducibility of the results) . 
In summary, variations of Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca concentrati ons in S. durum 
rhodoliths are subject to va rious sources of uncertai nties that wou ld have a particularly 
evident effect on the monthly-resolution data. Therefore, although the reproducibility of 
monthly data at every level (from a single branch to inter-rhodolith) is statistically 
significant at he 95% confidence interval (except for two Co/Ca profiles), fo r th e purpose 
of environmental studies, it seems more reasonable to focus on the annual to inter-annual 
resolution patterns of metal variations as well as on the average records of several 
rhodolith branches. 
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Vll-5 .b Rhodoliths as a proxy for mining activities: Mn/Ca, Fe/Ca and Ni/Ca 
Figure Vll-8 presents the rhodoliths average metal va riations for the 1965-2 008 
period, compared to the intensity of the mining activities (total extracted materia l and Ni 
concentratio n in extracted material) in th e Coulee River wa tershed as well as an inter-
ann ual pattern of rainfall over Noumea city for the same period. 
The average Mn/Ca and Fe/Ca variations are closely related to each other and broadly 
track the intensi ty of mining production from the Cou lee River wa tershed for the 1965-
1981 period. Ni/Ca va riations show a similar pattern but the fit to the mining production 
curve is less clear, especially in the early phase of mining. These differences in the 
behaviour of Mn/Ca and Fe/Ca on one part and Ni/Ca on the other can be explained by the 
different lithologies that bear the highest concentrations of these meta ls, and the 
determination of two main stages of nickel mining activity in the Coulee region. 
(1) Prior to th e 1960s, small-scale mining activities in the Coulee region (and 
elsewhere in New Caledonia) essentia lly targeted saprolite formations as they contain 
thin laye rs of garnierite bearing ore with Ni concentrations of up to 37% (Trescases, 
1975; P. Ma urizot, pers. comm). Mn and Fe a re relative ly weakly concentrated in the 
saprolites. During the first phase of large-sca le industria l mining in the Coulee bas in 
(1960-1970), the sapro lites continu ed to be the main target of the exploi tation. However, 
as the avai lab ili ty of the saprolite formatio ns decreased, as illustrated by a decresing 
percentage of Ni extracted relative to the total amount of extracted mater ial (Figure Vll-
8), a progressive transition occurred to the mining of the laterite formations, which are 
less concentrated in Ni (1-2%) and much more concentrated in Fe and Mn (Baltzer and 
Trescaes, 1971; Trescases, 1975). The trans ition between different types of material 
targeted by mining is matched in th e geochemical composition of the rhodoliths over that 
1960-1970 period, Concentrations of Mn/Ca and Fe/Ca increase with the overal l 
extracted material (and extracted laterites) whereas Ni/Ca concentrations drop 
simultan eously with the decrease in saprolite excavation (Figure Vll-8) . 
(2) From the peak of mining activity (late 1960s-ea rly 1970s), laterite formations of 
the Coulee region were most probably exclusively extracted as shown by the low Ni 
percentage of extracted material. In the rhodoliths, this translates to the highest 
concentrations in Mn/Ca and Fe/Ca as well as lower, but still high, Ni/Ca concentrations. 
From this period on, Mn/Ca, Fe/Ca and Ni/Ca show similar trends, in accordance with th e 
laterite-derived type of material coming to the lagoo n. 
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Figure Vll-8 Variations in average Mn/Ca, Fe/Ca, Ni/Ca and Co/Ca for the 1963-2008 period compared to annual total mining production and percentage of nickel extracted over the total amount of material 
extracted in the Coulee area between 1961 and 1981 (data from the Direction des Mines et de l'Energie de Nouvelle Cal0donie - DIMENC) and 3-years smoothed rainfall anomaly over Noumea from 1961 (monthly data obtained from Meleo France). The average metal variations (thick lines) 
were obtained using the mean of monthly-resolved values for each branch analysed with LA-ICPMS. The shaded area surrounding the average signals is 2aM (std err) for each mean value. The different stages of mining activity in the Coulee region are separated by the vertical dotted lines. 
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The fact that Ni/Ca concentrations in the rhodoliths during the peak of mining activities 
(and thus, the peak of overa ll Ni extraction) are lower than for the onset of th e industrial 
mining at the site over the 1960-1970 period also illustrates the transition from saprolite 
to laterite extraction as well as further demonstrates the complex behaviour of nickel in 
this particular type of environment (see Ambatsian et a l., 1997). During weathering of the 
coarse-grained saprolite formations, significant amounts of dissolved Ni can be exported 
as Ni tends to behave as a "satellite" element of the very soluble Mg and Si (Trescases, 
1975). In contrast, in the fine-grained laterite formations, Ni is mostly bound to Fe oxides, 
and to a lesser extent Mn oxides and is less soluble. Accordingly, the dominant mode of Ni 
transport from the laterites to the lagoon is via eroded particles during heavy rainfall 
eve nts (Baltzer and Trescases, 1971; Ambatsian et al., 1997). Hence, although the amount 
of Ni entering the lagoon would have been higher during the peak of mining activity and 
laterite extraction, the higher solubility of Ni in the saprolites (making it more available 
for co-precipitation with carbonates) explains the higher Ni/Ca concentrations observed 
in the rhodoliths during the first stage of industrial mining rather than the peak period. 
Furthermore, what could be interpreted as pseudo-annual "cycl icity" can be observed in 
the average Ni/Ca record for the 1965-1970 period and might reflect the seasonal 
weathering/erosion of the exposed saprolites associated with the seasonally contrasted 
precipitation regime in the region. 
After mining activity ceased in 1981, Mn/Ca, Fe/Ca and Ni/Ca continued to display 
elevated but decreasi ng concentrations in the rhodoliths relative to today. This indicates 
weathering and erosion of the mining sites continued to contribute to a metal enrichment 
of the lagoo n waters. A rapid decrease in metal concentration in the rhodoliths occurred 
within the first few yea rs of the cessation of mining, with a slower decrease recorded for 
several years afterwards, illustrating the exponentially decreas ing susceptibility of the 
original mining s ites to erosion/weathering overtime. Present-day Mn/Ca, Fe/Ca and 
Ni/Ca concentrations in the rhodoliths were reached in the early 1990s, more than 10 
years after the mining activities stopped. 
Vll-5.c The case of cobalt 
Surprisingly, Co/Ca does not follow the mining activity pattern although it has been 
shown to be generally closely related to Mn in late rite formations (Trescases, 1975; 
Ambats ian et al., 1997). One explanation might be that Co is only highly concentrated in 
transitional absolane formations located between the saprolites and laterites (Trescases, 
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1975). However, that formation is not systematically present everywhere in the region (P. 
Maurizot and J-M Ferna ndez, pers comm.). It is th erefore possible that in the Iaterite 
material that has been extracted during the mining activities in the Coulee watershed, a 
Co-rich absolane formation was absent. As a result, no enri chme nt in dissolved Co in the 
Bay was recorded by the rhodoliths. 
Another potential explanation for the absence of a ny Co/Ca enrichment in the 
rhodo!iths during the industrial mining period might be found in the way Co is assimilated 
by S. durum. We showed that a significant part of the Co is bound to organic matter in the 
surface layers of the orga nisms. Th ese outermost layers almost systematically display a 
pinkish to brownis h colour (see Figures VIl-2 and VII-7), mos t likely due to the presence of 
remaining pigments that the coralline red algae possess . However, this colouration of th e 
algal skeleton disappears furth er dow n towa rd the oldes t parts of the nodules, suggesting 
that the pigments, a nd probably the associated organic matter, have decayed and a re no 
longer present. This is supported by the fac t tha t the Co/Ca variations below the fir s t few 
millimetres of the MSA branch are ve ry similar before a nd after the H20 2 treatment used 
for removing orga nic matter (Figure VII-6). He nce, we propose that, if an increase in 
Co / Ca concentration did occur in th e rhodoliths during the mining per iod, it is li ke ly to 
have been associated with the organic part of the organism and as the organic matter from 
the older cells slowly decays as the alga grows, the associated historical Co/Ca signal is no 
longer present in the modern rhodoliths. The latter hypothesis would also be in 
agreement with a previous study by Daito et a l. (2006), which shows that Co is indeed 
abundant in the surface sedim ents of the Boulari/Sainte Marie Bays with a decreas in g 
gradient in Co concentration from the Coulee River mouth outward into the lagoon, thus 
indicating that a significa nt part of the Co reaching this site is likely to originate from th e 
Coulee River watershed. 
Despite the association of Co with organic matter in the rhodo li ths, a measurable 
amount of that metal is also incorporated into the calcite skeleton and is r ecorded even 
after th e H20 2 treatment. The Co/Ca signal derived from the ca lcite shows a steady, slow 
increase throughout the record (Figure VI!-7) that might be explained by the expansion of 
Noumea city and the exp onential increase in its population (see Figure 2 in Debenay and 
Fernandez, 2009). This demogra phic shift is close ly related to an increase of the number 
of vehicles in the area. As the Ri caudy Reef is ve ry close to the shore of a pop ula ted area 
and as car exhaust products have been shown to contribu te to higher environmental Co 
concentrations in high-density population areas (Hamilton, 1994 ), it is possible that an 
enrichment in the seawater Co co ncentration originates from the wind-d riven moto rised-
vehicle exhausts to the lagoon and appears in the rhodoliths skeleton. Another potential 
source of Co to the Ricaudy site is the proximi ty of the major nickel -smelting fac tory (SLN 
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- Societe Le Nickel). Indeed, Macholz (1982) measured the highest concentrations of Co in 
the atmosphere near a nickel refinery in Wales and demonstrated that Co was a by-
product of Ni-smelting. Salmon et al. (1978) also reported enrichment in Co in the 
atmosphere around industrial sites compared to rural areas. Due to the ever-expanding 
nickel production in New Caledonia, this potential source of Co to the atmosphere is most 
likely to have increased in the last decades. 
In conclusion, even though Co/Ca variations in the rhodoliths do not record the 
historical mining activity in the Coulee region, other anthropogenic effects such as the 
industrial expansion of Noumea city might be evidenced by the long-term trend in the 
Co/Ca concentrations. 
Vll-5 .d Metal records and the local rainfall pattern 
The loca l, inter-annual rainfall pattern can be associated with some of the variations 
observed in the metal concentrations, especially during the period of mining activities. 
Between 1963 and 1969, Mn/Ca and Fe/Ca show a steady increase in their concentration 
in the rhodoliths. Although we mentioned that an increase in excavated late rite material is 
likely to be the main driver in the rise of Mn/Ca and Fe/Ca, it also appears that the 1965-
1968 period saw e levated rainfall over Noumea, which will be consis tent with higher 
erosion processes in the Coulee watershed, therefore likely to contribute to more Mn and 
Fe being incorporated into the rhodoliths. Rainfall variability may also be reflected in the 
metal records during the 1969-1971 period, when a drop in the precipitation was 
observed. Although the mining production continued to increase during this time of low 
precipitation, a sl igh t decrease is recorded in the Mn/Ca and Fe/Ca concentrations, 
suggesti ng a net reduced supply of these dissolved metals into the lagoon. This is followed, 
over the next few years, by higher Mn/Ca and Fe/Ca values concordant with a higher rate 
of rainfall during a period of active mining activity. 
After mining stopped, Mn/Ca and Fe/Ca concentrations in the rhodoliths steep ly 
decreased and the influence of the local rainfall pattern is more difficult to discern in the 
metal records, although a slight increase in Mn/Ca, Fe/Ca and Co/Ca between 1986 and 
1990 does correspond to a high precipitation period. However, the inter-annual rainfall 
pattern does not appear to exert much influence on the rhodoliths trace metal 
concentrations after 1993. Different hypotheses may be drawn from this. Firstly, one may 
expect a close coupling betwee n precipitation and dissolved metal concentration when 
rain was fa lling on a bare landscape, as it would have been the case during the period of 
mining. Nevertheless, after mining activities stopped and available loose sediment was 
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cleared away and/or a weathering rind develops, it is probable that the strength of 
precipitation became less of a dominant influence over the amount of metal carried by the 
river into the lagoon. The metal records in the rhodoliths might then reflect these 
contrasted periods of rainfall influence, between the mining (late 1960s - late 1970s) and 
the post-1993, modern-day weathering conditions. Secondly, t race metals from the 
weathered profiles of the Coulee region are transported into the lagoon essentia lly as 
particulates in their oxidised form (i.e. MnO, Fe, 0 3, CoO, NiO; Ambastian et al., 1997). 
Dissolution can occur either as desorption from parti cles (Ouillon et al., 2010) or by 
reduction in the upper laye rs of the sediment (Ambastian et al., 1997), surface sediments 
thus acting as a source of dissolved metals for the water column. Therefore, the fate of 
particles entering the lagoon can be crucial to consider. From the 1950s, major structural 
modifications have been undertaken around Sainte Marie Bay (e.g. new embankments) 
that may have contributed to a gradual reduction of the connection between sediments 
from the Boulari and Sainte Marie bays (Debenay and Fernandez, 2009). Also, despite the 
fac t that Sainte Marie Bay is directly influenced by river inputs (Fernandez et al., 2006), 
Clavier et al. (1995) have shown that about 80% of the sed imentation in the area is due to 
resuspension as opposed to direct deposition. Therefore, during their journey from the 
Coulee River mouth to the south end of Sainte Marie Bay, the sediments are li kely to have 
undergone several phases of sedimentation, current-driven resuspension and re-
sedimentation. This may spread the signal of river runoffs over longer periods of time, 
especially when the input of particulate material is reduced since the mining closure, and 
explain why the ra infall pattern is absent from the rhodolith record after 1993. 
Vll-6 Conclusion 
This study reports for the fi rst time Mn/ Ca, Fe/ Ca, Ni/Ca and Co/ Ca concentrations and 
variations in coralline red a lgae and might serve as a baseline for future work. Comparing 
the distribution co efficients of the trace metals in the rhodoliths to the ones for abiotic 
calcite helped determined a major role of the alga in the uptake of Fe from the water 
column. For the other trace metals, the vital effect is unclear and calls for further studies. 
H, O, treatment of a rhodolith branch revealed that a significant part of the Co present in 
the outermost regions of the rhodolith is associated with actual or remnants of organic 
matter. This association was not shown for Mn, Fe or Ni, suggesting these metals are 
rather likely to be incorporated in the calcite structu re of the rhodoliths. 
The observed variability of trace metals, both in absolute concentrations and in the LA-
!CPMS profiles makes the use of monthly reso lution data from a single S. durum rhodolith 
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branch unreliable for obtaining environmental in formation . However, considering inter-
annual variations of ave raged trace meta ls profiles enab les us to reco rd histor ical mining 
activities in the Coulee region of New Cal edonia . Increased Mn/Ca and Fe/Ca 
concentrations reflect the intensity of the mining activity from 1965 to 1977, while Ni/ Ca 
var iations appear sensi tive to the type of excavated mate rial (Ni-rich saprolites ve rsus 
relative ly Ni-poor laterites). Concentrations in Mn/Ca, Fe/Ca and Ni/Ca steeply decrease 
in the rhodo li ths after the cessation of mining. However, present-day va lues a re not 
reached until 1993, indicating a response-time of the system of more than ten years. 
Co/Ca in the rhodoliths is not associa ted with mining activity but, instead, shows a slight 
steady increase over the last five decades that is possibly related to th e rapid expans ion of 
Noumea city through different ways of contamina tion (e.g. ca r exhausts, rubber tyres 
residue, hospital waste, building material) , and the ever increas ing nickel-related 
industrial activities in the area. 
We also suggest that trace metal variations in S. durum, especially Mn/Ca and Fe/Ca, 
may be sensitive, to some extent, to loca l rainfall variability. However, furth er work is 
req ui red to establish why this sensitivity only appears when metal concentrations in the 
rhodoliths are relative ly high. Studi es at s ites more prone to have a quicker ra infall/metal 
concentration response (e.g. closer to a river mouth) would be critical to assess this 
characteristic. 
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CHAPTER 
VIII 
Oxygen isotopic composition of 
tropical coralline red algae using a 
sensitive, high-resolution ion 
microprobe (SHRIMP II) 
Keywords: Sporolithon durum, rhodolith, instrumental mass fractionation, vital effect, sea-surface 
temperature, sea-surface salinity 
Abstract 
We report sensitive, high-resolution ion microprobe (SHRIMP) oxygen isotope analyses 
carried out for the first time on a cora lline red alga in the form of a Sporo/ithon durum 
rhodolith. The magnesium content of carbonate samples was found to significa ntly affect 
the SHRIMP instrumenta l mass fracti onation (IMF) a nd for the high-Mg-calcite, tropical 
speci men of free-living S. durum, the extent of thi s IMF on the 1\180 values is 1-2%0. The 
sample porosity a nd/ or the presence of organic matter in the skeletal s tructure of S. 
durum may be responsible for another type of IMF related to variable secondary ion 
intensities. Whilst the correction fo r IMF may induce additional uncertainties to the 
SHRIMP 1\ 180 meas urements, it improved the ir accuracy. The resulting, ave rage SHRIMP 
11180 valu e for the S. durum rhodolith collected live from New Caled onia is -4.9 ±0 .1 o/oo, in 
agreement with conventional 1\180 mass spectrometry (M S) measurements of the same 
orga nism, and within the range of 1\180 valu es for various species of coralline red algae. 
The distan ce of S. durum 1\ 180 average va lue from equilibrium is also comparable to those 
reported in the literature. A range of 10.4%0 is observed ove r only hundreds of microns 
along the rhodolith branch and cannot be explained so lely by variations in envi ron mental 
para meters such as sea-surface temperature (SST) or sa linity (SSS). A s imila r ra nge of 1\180 
values at the micrometer scale had previously been observed in a Porites !utea coral from 
th e same region. We discuss various factors potentially controlling the 1\180 va riation in S. 
durum at high resolution and propose that a pH-related oxygen fractionation is likely to 
occu r during the ca lcifi ca tion process . Therefore, we suggest that SHRI MP analyses may 
potentially contribute to a better characte risation of metabolic processes and vita l effects 
in coralline red algae. A poor but significant a nti-correlation with SST (r=-0.32; p<0.001) 
is, however, observed for the detrended, monthly va ria tions of 1\ 180 in S. durum during the 
1984-2008 period, as well as a match between the SST and 1\ 180 average seasonal patterns. 
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A decrease of -20/oo per increasing degree Celsius, was found to be in agreement with 
predictions for abiotic calcite. In addition, inter-annual 1\180 variations showed a 
s ignificant correlation (r=0.64; p<0.0001) with the SSS pattern over a 20-year period, 
suggesting that environmental information can be ex tracted from the 1\180 signa l of S. 
durum rhodoliths. However, due to the various sources of uncertainty connected with the 
high-resolution analyses, we propose that the SHRIMP approach might not be the most 
suitable one for environmental reconstructions. 
Vlll-1 Introduction 
Corall in e red algae are encrusting marine organisms that form a high-magnesium 
calcite structure as they grow (Adey and McIntyre, 1973; Steneck, 1986; Foste r, 2001}. 
They are ubiquitous in the oceans, from the tropics to the poles, over the entire depth of 
the photic zone (Bosence, 1983), occurring either as crusts on a hard substrate or as free-
living nodules, called rhodoliths (Foster, 2001). The last decad e has seen the expansion of 
geochemical studies on long-lived coralline red algae, wi th the aim of generating decadal-
to century-long environmental records (Halfar et al., 2000; 2007; 2008; Hetzinger et al., 
2009; 2011a;b; Burdett et al., 2010; Williams et al., 2011; Chan et al., 2011). 
The oxygen isotopic composition (1\180) of coralline red algae skeletons was one of the 
first proxies to be investigated (e.g. Milliman, 1974; Wefer and Berger, 1991; Rahimpour-
Banoab, 1997; Halfar et al., 2000) du e to its common and successful application in palaeo-
environmental reconstructions in other marine organisms ( e.g. Chappell and Shackleton, 
1986; Gagan et al., 2000). However, 1\180 values in coralline red algae, as for other 
organisms, appear to be influenced by biological processes, commonly termed the "vital 
effect" (Urey, 1951). The extent of this vital effect in corallin e red algae, which has been 
proposed to be either dependent upon environmental factors (Rahimpour-Bonab et al., 
1997) or species-dependent (Halfar et al., 2000), was recognised in earlier studies to 
potentially dominate the 1\180 signal, hence rendering difficult any attempt at palaeo-
environmental reconstructions (e.g. Wefer and Berger, 1991). Most recently, however, 
1\180 records were found to be significantly influenced by sea-surface temperature (SST) 
variations (Halfa r et al., 2000; 2007; 2008; Hetzinger et al., 2009). Th ese studies genera lly 
used conventional mass spectrometry (MS) to obtain sub-annual to annually resolved 1\180 
records. 
Secondary ion microprob e spectrometry (SIMS} enables high-resolution in situ 
measurem ents of 1\180 va lues at the sa mple surface and has previously been successfu ll y 
used for the reconstruction of environmental param ete rs in materials of marine origin 
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(e.g. Trotter et al., 2008; Rigo et al., 2012) . Micrometer-scale SIMS analyses were also 
proven to provide critical insights into biomineralisation processes of zooxanthellate and 
deep-sea corals (Rollion-Bard et a l., 2003a). Instrumental mass fractionation (IMF) is 
inherent to any type of SIMS measurement due to the nature of the a nalysis that involves a 
sputtering of the sample surface. This process results in an energy-based differentiation of 
ion emission from the sample, where light ions (i.e. with higher energy) are preferentia lly 
emitted, and th erefore, preferentially recorded by the SIMS detectors . This causes a 
systematic offset in the isotopic values measured by SIMS, compared to the natura l 
composition of the sample (Slodzian et al., 1980; Shimizu a nd Hart, 1982). The ana lysis of 
standards of known isotopic composition, along w ith any sample, is generally used to 
calibrate the SIMS values and overcome th is effect. However, as the IMF can be du e to 
various factors depending on the chemical and structural environment of the considered 
element (Shim izu and Hart, 1982), if the reference material used for calibration does not 
precise ly match the "matrix" of the sample (which is often the case for biogenic sa mples), 
the IMF needs to be ind ependently characterised in order to adequately correct for it and 
obtain accurate measurements of th e sa mple composition. A recent study reported, for 
instance, a significant effect of the Mg composition of the carbonate material on the IMF 
during SIMS a nalyses (Rollion-Bard and Marin-Carbonne, 2011). These authors suggested, 
however, that th e exten t of this type of IMF could vary according to different instrumental 
settings. 
In the present study, we used a different type of SIMS instrum ent, a sensitive, high-
resolution ion microprobe (SHRIMP), to assess the influence of Mg content in carbonate 
samples as being configuration-dependant, or rather, re lated to the sputtering process, 
which implies that this w ill occur in any type of SIMS analysis . After characterisation of 
other sources of IMF, the corrected 1\180 va lu es obtained for a Sporolithon durum rhodolith 
are compared to conventional 1\180 MS analyses and equilibrium 1\180 values for abiotic 
high -Mg ca lcite over the temperature range observed at the collection site. Factors 
responsible for the 1\180 variations in S. durum are discussed, and monthly and inter-
annual variations of the 1\180 signal are compared to local SST and SSS records over the 
1984-2008 per iod. 
Vlll-2 Material and methods 
Vlll-2.a Samples characteristics and description 
Different materials (3 calcites ranging from almost pure calcite to relatively high-Mg 
calcite, and 4 do lomites) were used to determine the SH RIMP mass fractionation of oxygen 
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isotopes according to the Mg-content of the carbonate samples. The calcite sa mple (Cl) 
was from the rock museum at the Research School of Earth Sciences (RSES) of the 
Australian Nationa l University (ANU) and was labelled as collected in England, with no 
furth e r indication. The 2 high-Mg calcites (HMg C2 and HMg C3) are from different laye rs 
of the same Famennian (Devonian) limestone form ation, collected in the Emmanuel Range 
(Canning Basin), Western Australia . The dolomite materials consisted in 2 different 
dolomites from the Carrara region, Italy (D1 and D2), another sample was collected in the 
Thornwood area, New York, USA (D3) and one is from the Landegode Island dolomite 
quarry, in th e Bodo region, Norway (D4). 
The rhodolith branch ana lysed here was located along the short axis of a -8 cm-
diameter coralline red algae spheroidal nodule, co llected by SCUBA divi ng in October 2009 
in the shallow waters of the Ricaudy Reef (22°18'57"S; 166°2 7'26"E), New Caledonia 
(Figure Vlll-1). It is fo rmed exclusively by the S. durum species. 
·154• E 165" E 
20" S 
.... , 
21 " S 
22" S 
A 
166" E 167" E 168" E 
New Caledonia 
Noumea [El 
Loyalty 
Islands 
... 
23° S ~===:::;;;:;::~;============~ 
SST/SSS -
instrumental data 0 
B Ricaudy Reef 5 km 
Figure Vlll -1 Location map of New Caledonia (A) and the Ricaudy Reef (B) at the southern end of the Sainte 
Marie Bay, on the edge of Noumea. The site of instrumental SST and 55S recording is also 
shown. 
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Vlll-2.b Sample preparation 
All carbonate materials that were used to assess the Mg-related IMF were crushed 
down to - 100 µm-diameter grains and mounted in clusters of 10 to 20 gra ins in the same 
35-mm, epoxy resin "megamount", along with NBSlB an d NBS l 9 CaCO3 reference 
materia ls. The resin mount was rough cut, then polished with 1 µm diamond, Al-coated 
and dried out in a vacuum-oven for over 24h prior to SHRIMP analysis. Preparation of the 
rhodolith branch followed a sim ilar procedure. The entire rhodolith specimen was put 
into an araldite resin before bei ng cut in half along its long axis. Su bsequently, a branch 
along the short axis of the nodule was separated from the rest and reimpregnated into a 
35 mm-diameter resin "megamount", along with grains of the NBSlB and NBS19 reference 
materials. A 1-µm polishing, Al-coating and vacuum-oven drying preceded the SHRIMP 
ana lysis . 
For conventional mass spectrometer .s 1so analyses, the carbonate materials were 
crushed into fine powd er and homogenised. Four rhodolith samples were hand-d rill ed 
from the back of the "megamount" used for SHRIMP analysis. They represent 4-5 mm-
wide holes along the rhodolith branch and were evenly spaced from the outside to the 
inner part of the branch. About 50 µg of each powder-sample was weighed before 
proceeding with the MS ana lysis. 
The same "megamounts" as for the SHRIMP ana lys is were also used for the laser 
ablation inductively coupled plasma mass spectrometry (LA-ICPMS} measurements. 
Vlll-2.c SHRIMP operating conditions 
High-resolution oxygen isotopic analyses presented herein were performed using the 
SHRIMPII at the RSES, ANU. The ins trument configuration and settings used for oxygen 
isotope measurements are detailed in Ickert et al. (200 8). A positive caesium (Cs•) 
primary ion beam is generated, with an impact potential of 15keV and a beam current of 
-3nA. Kohler illumination is used to focus and homogenise the primary Cs• ion beam that 
hits the sample surface with a 45 ° incidence, producing a -30x40 µm sputtering spot. This 
configuration leads to a typical production of abou t 250pA of O- secondary ions. A medium 
energy, focused electron gun of oblique incidence (45° from sample surface, 90 ° from Cs• 
primary beam) maintains the charge neutrality of the sample during the analysis. 160· and 
180 · were measured simultaneously (multi-collector mode) by two, off-axis Faraday cups 
connected to temperature-regulated, high-vacuum electrometers with -10 11 ohms input 
resistors. Mass resolution at 1 % was 1950, which is suffici ent to resolve potential isobaric 
interferences on 1ao from 16OH 2 and 16OD, but not the interference from 17OH (mass 
resolution of 2300). That resolution was achieved using a 150-µ m mass spectrometer 
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entrance slit, truncating the secondary beam by about 5%, and 300-µm collector slits. The 
resulting measured 180- intensity was typically around 5.106 cps (counts per second) for 
the carbonate materials analysis and ranged from -2 to 5.106 cps for the rhodolith branch. 
The analytical procedure consisted of a 3-min sputtering of the sample surface, which 
allowed the secondary ion isotopic composition to stabilise. It was then followed by two 
sets of 6 measurements separated by auto-refocusing. Each measurement lasted 10 s, 
resulting in a total acquisition time for a single analysis of approximately 2 min. 
The various carbonate materials used for IMF correction of Mg content were analysed 
in clusters of five measurements for each sample, consisting of one measurement on five 
different grains. This procedure enabled us to test the homogeneity of each material as 
well as the reproducibility of the instrument. Before and after each series of 
measurements, a NBSlB standard grain was analysed as a reference to correct for any 
instrumental drift during the session. For the rhodolith analysis, SHRIMP spots were 
located along the pre-existing, LA-ICPMS track that followed the branch axis of main 
growth. Successive measurements were separated by approximately the size of the 
ana lytica l spot, hence, giving an almost continuous coverage along the branch, at a 30- to 
40-µm resolution, with no overlapping measurement (Figure Vlll-2). The instrumental 
drift through time was corrected by the analysis of the NBSl 9 reference material every 5 
to 6 sample measurements. A total of 320 isotopic measurements were carried out along 
the -3 cm-long rhodolith branch. Two transects, perpendicular to the axis of main growth, 
were also performed to assess the reproducibility of the oxygen isotopic composition 
along single rows of cells. 
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Figure Vlll-2 A: Sporolithon durum rhodolith branch impregnated in the SHRIMP araldite "megamount" and 
coated with aluminium. The track generated by the SHRIMP spots along the branch (thick blue 
line) is parallel to the LA-IC PMS track (dotted orange line) set to measure the Mg/Ca composition 
of the sample. The location of the reference materials NBS 18 and NBS 19, near the rhodolith 
branch is also indicated (dotted ellipses). Scale bar is 500 µm. B: Close up on SHRIMP spots (dark) along the rhodolith branch . Individual spot diameter is -30 µm. 
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Vlll-2.d Conventional mass spectrometer c5 18O analysis 
The MS analyses of the oxygen isotopic composition of the different carbonate 
materials and rhodolith samples were carried out at the RSES, ANU, on a Finnigan MAT 
251 with a Kiel carbonate device, using 105% phosphoric acid at 90°C. The working gas 
used (2009-2) has the following isotopic composition: 0180vros=+O.l 9%o. Data were 
corrected for 170 interference using the method of Santrock et al. (1985) a nd normalised 
such that samples of solid NBS 18 a nd NBS 19 analysed by this method would yield 
i)180vros=-23.00%o and 0180 vros=-2.20%o, respectively. 
A fractionation factor was a pplied to the oxygen isotopic values in order to take into 
account the relative Mg content of each an alysed material. Except for the almost pure 
calcite sample, corrected values were calculated as follow: 
/)1BOrncc = /)180; + 1000 In (ac) - 1000 In (aM) (1) 
where 0180; is the initial, measured 0180 value, for which the regular Ki el correction had 
been applied (see method by Santrock et al., 1985); a c is the fractionation factor for calcite 
at 90°C, calculated from equation (1) in Sharma et al. (2002); aM is the fractionation factor 
specific to each analysed material according to its Mg content. For dolomites, a M at 90°C 
was calculated from equation (3) in Rosenbaum and Sheppa rd (1"986). For the high-Mg 
calcite mate rials and the rhodolith, aM was calculated from equation ( 4) in Rosenbaum 
and Sheppard (1986), which takes into account the mole percent of Ca and Mg in the 
carbonate. Note that this equation was es tablished for a 100°C reaction temperature but is 
the best approximation available in the literature. The consis tency of both the 
temperature- and composition-dependant equations (i.e . equations (3) and (4) in 
Rosenbaum and Sheppard, 1986) was tested on the dolomite samples. The resulting 
fractionation factors are consistent within 4% of their values. 
The oxygen isotopic compositions are expressed in per mil nota tion, relative to th e 
Vienna Pee Dee Belemnite (VPDB) standard (o 180 vros) and are presented in Table Vlll-1. 
Vlll-2.e Analysis of Mg/Ca composition 
The RSES, ANU, LA-ICPMS (see Eggins et al., 1998; Chapter Ill, This thesis), composed 
of an Excimer ArF laser (192 nm wave length) combined with a Va rian 820 ICPMS, was 
used to characterise the Mg/Ca composition of the carbonate materials and the rhodolith 
branch. 
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The carbo nate materials were a nalysed by LA-I CPMS after the SHRIMP ana lyses. 42 
µm-diamet er laser-spots were focused directly over the sites of previous SHRIMP 
measurements, which were determined visua lly at the surface of each analysed grain. 
Each measurement consisted in - 40 s ablation time at a rate of 10 Hz and energy of 5 ].cm· 
2
. The ICPMS settings were s imilar to those used for the N4 configuration detailed in 
Chapter Ill (This thes is), which involves the measurement of the 24Mg, 25 Mg a nd 43Ca 
isotopes, wi th dwell times adding up to -0.75 s per measurem ent. All grains (n=35) were 
successively measured during the same analytical run. At the beginning and end of each 
run, approximately 60 s of NIST SRM 610 re feren ce material was measured. The NIST SRM 
610 was used as external standard for ca libration of the carbonate materials Mg/Ca 
compositi on, foll owing the data reduction method of Longerich et al. (1996), with 43 Ca as 
the interna l standa rd (see also Chapters III, V, VI, VII, This thes is). In addition, the Mg/Ca 
com positi on of the 2 dolomites from the Carrara region (Dl-2) was independently 
determined using electron probe mic roana lysis (EPMA), ICP atomic emission 
spectrom etry (ICP-AES) and solution ICPMS (see Chap ter 111, This thes is), which a ll gave 
co nsistent results. These res ults were used to adjust the va lu es of the NIST SRM 610 
calibration that slightly under-estimated the Mg/Ca ratio of th e dolomite sa mples 
(Chapter 111, This thes is; see also Cra ig et a l., 2000). The average of the LA-ICPMS resu lts 
was taken to characterise the Mg/Ca ratio of each grain and is reported in Tab le VIII-1, 
along with the standard deviation corresponding to each series of indi vidual Mg/Ca data 
points . 
For the rhodolith sample, two paralle l tracks were a nalysed, separated by 
approximately 300 µm . A 42-µm -diameter laser spot was used to scan the branch, from 
the outsid e in, at a speed of 5 µms 1, a rate of 10 Hz and energy of 5 J. cm-2 (N4 
configuratio n in Chapter Ill, This thes is; see also Ch apters V, VI , VI I) . The ICPMS settings 
were similar to the ones described above and so was the data reduction method, with th e 
exception of the external standard. In th is case, the D2 dolomi te from th e Carrara region, 
Italy, was used as external s tandard for calibration of the Mg/Ca in th e rhodolith (Chapter 
III, This thes is). Res ul ts of the two parallel tracks, which presented a good reproducibili ty 
(r= 0.76; p<0.0 00 1), were averaged between one another as we ll as down to a -3 0 µm-
resolution. 
Vl ll -2.f Ch ro nology and age model determination 
The chronology fo r the rhodolith branch was obtained by combin ing the determi nation 
of seasona l cycles from the LA-ICPM S results, with the counting of annual growth bands 
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from high-resolution digitised images. This approach is commonly used to establish 
chronologies in co ralline red a lgal studies (e.g. Hetzi nger et al., 2009; 2011a; Cha n et a l., 
2011) and yielded results in agreement with radiocarbon dating for different branches of 
the rhodolith specimen presented here (see Chapter IV, This thesis). An average extension 
rate of 0.52 ±0.20 mm.yr·1 was obtained for the studied branch, which is concordant with 
the average extension rate repo rted for other branches located along the short axis of the 
same rhodolith (Chapter IV, This thes is). The seasonal variations of Mg/Ca linked to 
seawater tem perature were used to convert geoche mical data from a distance- to a time-
relative sca le using the AnalySeries data analysis software (Paillard et al., 1996) with high 
(low) peaks in Mg/Ca cycles matching the month of highest (lowest) instrumental SST for 
each annua l cycle. Data points between these anchor points we re linear ly interpolated and 
resampled at a monthly resolution. An es timated uncertainty of one to a few month s is 
genera lly assoc iated with this chronologica l app roach (Hetzinger et al., 2009; 2011a). 
Inter-an nual variations for the various studied parameters were obtain ed by applying a 
ZS-point Ha nning filter to the monthly data ( e.g. as done by Correge et al., 2000; Le Bee et 
al., 20 00). 
Vlll-3 Results 
Vlll-3.a Original SHRIMP results 
Three different a nalytical sess ions on the SHRIMP gave an overa ll internal error of 0.1 -
0.2 %0 on any measurement, associated with a precis ion of ±0.5%0 based on repeated 
measurements of standards (n=S0; 3 sess ions). The ra nge of isotopic va lues (l\18Ovpo8) for 
the var ious carbonate materials goes from -3.3 ±0 .2%0 for Cl to -15.3 ±0.2%0 for D4 
(Table Vlll-1) . The homogeneity of each materia l was assessed by the concordance of the 
1\ 180 va lues recorded on five different gra ins that are within 1 %0 for Cl and D1 to 4 and 
within 1.5-2%0 fo r the less homogenous HMg CZ to 3. The I\IBOvPoa values along the 
rhodolith branch average -1 2.0 ±2.3%0 and are associated wi th a wide range of l l.8%0, 
from a very negative -1 8.5 to -6.7%0 (Figure VIll-3; Tab les VIll-1; Vlll-2). The two sets of 
measurements across the branch, representing - 120-150 µm (i.e. 4 data poi nts) on each 
side of the main growth direction, are reproducible within 1 %0 ( <7% variation) in each 
case. 
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Sample I 
NBS18 
C1 
HMg C2 
HMgC3 
D1 
D2 
D3 
D4 
Rhodolith 
Table Vlll-1 
Description I Mg/Ca MS b180 SHRIMP 5"O 6.6180 (mol.mol ') (%o VPDB) (%o VPDB) ('ll»VPDB) 
NIST SRM #8543 0.02' -23.0 ' -23.3 - -22.8 -0.3 - 0.2 
Calcite England 0.01 - 0.02 -3,9 -3.9 - -3.3 a.a - o.5 
High-Mg calcite upper 0.05 - 0.07 -5,8 -5.8 - -3.9 -0.8 - 12 
High-Mg calcite lower 0.05 - 0.12 -4,9 -5.4 - -3.9 -0.9 - 0.6 
Dolomite Carrara 1 0.99 - 1.00 -5,1 -10.0 - -9.1 -6 .0 - -5.1 
Dolomite Carrara 2 0.98 - 1.00 -8,9 -14.1 - -13.5 -6 .2 - -5.7 
Dolomite, New York 0.98 - 1.00 -10,2 -14.6 - -13.9 -5 .5 - -4.8 
Dolomite Bodo, Norway 0.99 - 1.00 -10,6 -15.3 - -14 .8 -5.3 - -5.8 
S. durum , New Caledonia 0.23 - 0.42 -4.8 ±0.1 -18.5 - -6.7 -13.6 - -1.8 
Ranges of LA-ICPMS Mg/Ca content, conventional mass spectrometry (MS). and SHRIMP 15180 
composition and difference between SHRIMP and MS 15 180 composition (t. 15 80) for the different 
carbonate samples analysed in this study (see text for more information). Note for NBS18 
sample: a: Mg/Ca content calculated from Crowley (2010); b: 15180 value from Graser el al. (2008). 
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Figure Vlll-3 Original SHRIMP 6180 dataset. Horizontal plain line represents the average value and dotted 
lines are ±1 standard deviation. Error bars are instrumental uncertainties for each measurement 
except for the spot in the top left corner where the error bar represents the extent of 6 180 
variation for two sets of four measurements following single rows of cells across the rhodolith 
branch . Total length : -13 mm. 
Vlll-3 .b Instrumental mass fractionation (IMF) 
V/1/-3.b.1 Effect of the Mg content 
Conventional MS oxygen isotope ana lyses of the carbonate materials resulted in values 
ranging from -3.9%0 for Cl to -10.6%0 for D4, which is well above the one obtained from 
the SHRIMP for the same material (Table Vlll-1). The difference between the 1\180 values 
measured from these two methods (t> 1\180) is lin ked to the proportion of Mg present in 
th e different ca rbonate materials (Tabl e VIll-1; Figure Vlll-4) and is du e to the SHRIMP 
fractionation in favour of the light oxygen isotope (160) resulting in lower 1\180 values with 
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increasing Mg content in the carbonate. The IMF due to the Mg composition of the sample 
does not depend on the original oxygen isotopic composition of the material and is -0%o 
for pure calcite (Mg/Ca -0) and up to -5 - -6%0 for the dolomites (Mg/Ca -1), giving a 
fractionation factor of - -0.6%0 per increasing Mg/Ca molar percent. 
The rhodolith samples do not align on this fractionation trend line indicating that other 
factors must explain the differences observed between the conventional MS and the 
SHRIMP 6180 measurements. However, with a Mg/Ca composition varying between -0.20 
and -0.42, the extent of the Mg-content IMF on the rhodolith 6180 values measured with 
the SHRIMP is between -1.0 and -2.2%0. 
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Figure Vlll-4 Instrumental mass fractionation (IMF) calculated as the difference between SHRIMP li"O 
measurements and conventional mass spectrometry 6180 results {ti 6180) represented against 
the Mg/Ca concentration of the analysed samples. The equation and correlation coefficient of 
linear regression from the materials analysed in this study (except for the rhodolith samples) are displayed (p<0.0001). Triangle symbols are from Rollion-Bard and Marin-Carbonne (2011). 
V/11-3.b.2 Recorded signal intensity 
A significant positive correlation (r=0.50; p<0.001) is observed between the intensity 
of the recorded secondary oxygen ion signals (cps) and the resulting 6180 value of the 
rhodolith samples (Figure VIII-5). In this case, the IMF can reach up to -100/oo for values 
associated with the lowest cps, compared to the ones for which maximum secondary ion 
intensities are recorded. The slope of the orthogonal linear fit gives an IMF of -4.60/oo per 
decreasing million cps on the secondary 180· ion intensity. 
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axis (scattered line) was set to the value calculated for the maximum intensity recorded tor the 
dataset, using the equation of orthogonal linear regression , is also displayed. 
6 180 results after SHRIMP IMF corrections 
Although the range of individual values is reduced by-1.5%0 after IM F correction, with 
minimum and maximum 1\180 va lues of-1 0.4 and -0.lo/oo, respectively (Tabl e VIIl-2), the 
var ia nce of the two datasets is statistically unchanged at th e 95% confidence level (F-Test; 
p=0.10) . 
Correcting the original 1\180 dataset for the SHRIMP IMF drastically increased the 
rhodolith ave rage 1\180, to a va lue of-4.9 ±2.lo/oo (-7%0 increase - see Table Vlll-2). This 
corrected 1\180 va lue is identical, w ithin error, to the one obtained by the conventiona l MS 
analysis (Figure Vlll -6; Table Vlll-1). By comparing the calculated average and range of 
1\180 values for inorgani c high-Mg ca lcite a t equilibrium in a sim ilar environment (Figure 
Vlll -6 - 1\18Ovro8 - 0.0 ±0.8%0), it appears that the vita l effect of S. durum upon oxygen 
isotopes incorporation into the skeleton is relatively strong a nd results in a reduction in 
1\180 of 4.1 to 5.7%0. We also observed that the range of 1\180 variation in S. durum 
rhodoliths is - 6.5 tim es higher than for the high-Mg calcite a t equilibrium based on the 
same temperature range (Figure VIIl-6). 
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along with the range of 6180 values measured by conventional mass spectrometry analysis (light 
red area). The equilibrium 6180 average value for inorganic high-Mg calcite {green line) was 
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Vlll-3.d 6180 variation in 5. durum 
SHRIMP 01so values show a signifi cant negative correlation (r=-0. 34; p<0.001) wi th the 
Mg/Ca record along the rhodolith bra nch (Figure VIII-7), after correction for IMF and the 
Mg-content effect on 0180 variations (see Discussion below). 
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Figure Vlll-7 Comparison between -30 µm-resolution records of SHRIMP l5 18O corrected from instrumental 
mass fractionation and Mg-content fractionation in calcite (see text for details), and LA-ICPMS 
Mg/Ca along the S. durum rhodolith branch. The correlation coeffic ient for the entire series is 
also displayed. 
When time-resolved variations are considered, it appears that the li1BO record in 5. 
durum presents a strong inter-annual component tha t can be of equal or higher amplitude 
than the monthly variations (Figure Vlll-8). Over the 1984-2008 period, the inter-annual 
pattern of li180 variations presents no significant correlation with inte r-annua l SST 
variations (r=0.05; p=0.39 - Figure Vlll-8). Individual, monthly li180 values are only 
weakly correlated with the local SST record (r=-0.19; p=0.001). Nevertheless, this 
correlation is improved when the inter-annual var iability of the records is filtered out (r=-
0.33; p<0.05 - Figure Vlll-8). This was done by normalising the monthly data against the 
inter-an nual trend obtained from the ZS -points Hanning-filtered dataset. In addition, the 
average annual pattern of li180 variatio ns in S. durum over the 1984-2008 period is 
concordant with the local SST, with more negative li180 values during the austral summer 
and higher li180 values in winter (Figure Vlll -8) . The range of li180 variations against local 
SST for the ave rage annual pattern as well as the s lope of the linear fit between the SST 
and li180 monthly data (filtered out from inter-annual variability), give comparable values 
of -0.19 and -0.21 %o. 0 C-1, respectively. 
The comparison between the /i lBO record in S. durum and SSS va riations shows a 
signifi cant, positive relationship (r=0.64; p<0.05) at the inter-an nual level (Figure Vlll-8), 
whereas when these variations are filtered out, the correlation between the respective 
monthly datasets is insignificant at the 95% confidence level (r= -0.10; p=0.14 - data not 
shown) . This is also illustrated by the misfit between the li180 and SSS average annual 
patterns (Figure Vlll-8). 
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Figure Vlll-8 Comparison between corrected SHRIMP ~"O record in S. durum rhodolith (blue lines) and local 
sea-surface temperature (SST - orange lines) and salinity (SSS - piok lines), over the 1984-2008 period. Top-left: monthly (thin lines) and inter-annual (thick lines) variations of ~"o and SST. Correlation coefficient is for inter-annual variations. Top-right: monthly , annual pattern of 6180 
and SST averaged over the entire record period. Note the reversed scale of SST variations. Middle-left: monthly variations of l'.> 18O and SST signals , filtered from inter-annual variations. Middle-right: scatter plot of the relationship between monthly 6 180 and SST signals over the 1985-2007 period , filtered from inter-annual variations. Bottom figures as for top ones but for 55S variations. 
Vlll-4 Discussion 
Vlll-4.a SHRIMP IMF 
A significant SHRIMP IMF was found to be related to the Mg-content of the analysed 
carbonate samples. This is in ag reement with the results of a recent study (Rollion-Bard 
and Marin-Carbonne, 2011) carried out using another SIMS ins trum ent (Cameca 12 70), in 
w hich the secondary ion extraction optics are very di ffe ren t from the SHRI MP (Ire la nd, 
1995). The fact that the s lope of the IMF versus Mg-content reported in our study and the 
ones in Rollion-Bard and Marin-Carbonne (2011) are ve ry simila r (-5.9%0 and -5.Bo/oo; -
6.7%0. Mg/Ca molo/o-1, respectively - Figure VIII-4) eliminates the possibility that oxygen 
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isotopic fractionation occurs within the mass spectrom eter or during the transfer of the 
secondary ions. Rather, it confirms that this fractionation is most likely a sputtering-
related process that occurs during the generation of the secondary ions at the sample 
surface, as previously suggested by Rollion-Bard and Marin-Carbonne (20 11). It also 
ind icates that different instru menta l settings (e.g. slid width, aperture, detectors) between 
sess ions or between machines have only a slight influence on the extent of this type of 
IMF. Our results further confi rm the importance of correcting for the Mg-composition 
when co nducting oxygen isotopic measurements on Mg-rich carbonate samples. In 
ad dition, this also suggests that this Mg-related fractionation applies, to a com parable 
extent, to any SIMS instrum ent. 
A relationship between the recorded intensities of the secondary oxygen ions (both 180 -
and 160 -) and the resulting b1BO values is also observed and accounts for a different type of 
IM F. Two factors may explain these observations: (1) a variable degree of sample porosity 
or (2) the presence of small amounts of organic matter a t the sam ple sur face. 
(1) Different levels of porosity were encountered during the SHRIMP 
measurements along the rhodolith branch. Indeed, as the spot size was larger than 
the size of a single cell and cell wall, each SHRIMP spot covered a variable amount of 
vo id space. Although the analytical time was set to optimise the record of secondary 
ion intensity, that highe r levels of porosi ty would have resulted in lower amounts of 
secondary ions reaching the spectrometer's detector. As light isotopes are 
preferentially emitted during the sputtering process (Slodzian et al., 1980; Shimizu 
and Hart, 1982), it is possible that, when maximum leve ls of secondary ion intensity 
are not reached, a higher propo rtion of 160 - is recorded, resulting in depleted 6180 
va lues. Rollion-Bard et al. (2007) , howeve r, recorded no s ignificant e ffect of porosity 
on the secondary ion intensiti es (or the resulting 6180 va lu es) for a SIMS ana lys is of 
corals. 
(2) SIMS measurements of orga nic matter using a similar procedure to the one for 
carbonate samples have yielded drastically lower oxygen secondary ions intensities 
(i.e. a 5000-times decrease in secondary 160 - cps) and a very important 6180 depletion 
(L'l l) lB Q=-95 %0 for araldite, uncorrected - Rolli on -Bard et a l., 2003b). Although the 
results of our analysis are far from these extreme valu es (i.e. maximum of 2-tim es 
decrease in 16Q- cps and a maximum L'l 6180 of - -11 %0), it is possible that th e 
presence of a small amou nt organic matter in our sample may expla in the trend in 
IMF observed here. In this respect, it has to be noted that small quantities of organic 
matter are suspected inside the cell stru cture of 5. durum (Chapter III , This thes is). 
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From this study, it is not poss ible to distinguish between the respective IMF 
contribution of the sample porosity a nd the presence of organic matter, particularly due to 
the fact that these two factors a re likely to be intimately related (i. e. a higher porosity level 
is the result of the presence of more cell openings where more organic matter is likely to 
be present). Furth ermore, the extent of the correla tion between the 0180 va lues and th e 
recorded secondary ion intensity (r=0.50 ; p<0.001) indicates that these effects are not 
perfectly constrained and suggests that additional factors might also be involved. 
Another potential source of IMF has been found to be rela ted to va riable 
crystallographic orientations in some material (i.e. muscovite, Deloule e t al., 1992) . Here, 
the gra ins of carbonate materials were randomly mounted into the resin, undoubtedly 
resulting in different crys tallographic orien tations being measured for each individu al 
materia l. The globa l homogeneity of the results (within -1 %0) s uggests that the 
orientation of carbonate crystals has littl e or no influ ence on the SHRIMP IMF. Si milar 
observations are found in Rollion-Bard et a l. (2007). 
In summary, various sources of IMF have been observed to be critica l to consider w hen 
conducting coralline red a lgae ana lyses using SHRIMP (or SIMS in ge nera l) , that might not 
be as pronounced in oth er material s (e.g. -0%-Mg, non-porous sa mples) . The correction 
for the IMF should result in more accurate 0180 va lues but wi ll al so inevitably increase the 
uncertainty associated with the analysis. 
Vlll-4.b Rhodolith 6180 composition 
The SHRIMP o1BOvPoa va lues for the S. durum rhodolith branch, corrected for the IMF, 
give an average value of -4.90/oo that is within the range of previously reported 0180 values 
for coralline red algae (-6 - 0%o; Milliman, 1974; Morrisson and Brand, 1986; Halfa r et al., 
2000). This value for a tropical rhodolith specimen is lower than recently published va lues 
for other cora lline red algae species from co ld environments (Halfar et a l., 2000; 2008). In 
agreement wi th Rahimpour-Bonab et a l. (1 997), we attribute this difference to 
temperature, rather than differences in seawater 0180 (0180 ,w) that might exist between 
the different environments. These authors, however, along with Halfa r et a l. (2000), 
proposed that the lower 0180 va lue reco rded in tropical coralline red algae compared to 
their cold-environment counterparts, migh t also be du e to a higher degree of vital effect, 
as higher temperatures would result in higher metabolic activity (Rahimpour-Bonab et al., 
1997). Similarly, the 0180 disequilibrium recorded here in S. du rum compared to the 6180 
values for abiotic high-M g calcite (i.e. vital effect), is more important than for cold-water 
species (e.g Halfar et al., 2000; 2008), a lth ough it is still comparable to the ones reported 
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in the literature (e.g. Milliman, 1974; Wefer and Berger, 1991). Higher extension rates in S. 
durum (Chapter IV, This thesis) might also contribute to the more negative &1 ao values 
observed here (Dietzel et a l., 2009). A species-specific vita l effect on oxygen isotopic 
fractionation in coralline red algae is also likely to exist and should not be ignored when 
trying to exp lain the observed differences. 
Vlll-4.c Range of 6 18 0 values 
The range of &180 values (10 .4%0) obtained from the SHRIMP analyses of the rhodolith 
branch at high resolution is very s imilar to that recorded for a Porites lutea coral, also 
from New Caledonia (Rollion-Bard et al., 2003a;b), poss ibly suggesting comparable oxygen 
isotope fractionation processes between tropical coralline red algae and corals. To explain 
this large range of &100 va lues, seasonal SST variations at the Ricaudy Reef (-9°C) are not 
sufficient. The &180 variability potentia lly linked to SST, calculated from Kim and O'Neill 
(1997), is -l.8%0. Salinity changes may also account for some of the &180 va riabili ty, 
through changes in the &180 ,w, The value of 0.4%o .psu·1 has been reported by Morimoto et 
al. (2002) as a maxi mum fractionation factor attributable to salinity changes. At the 
co llection site, th e SSS variations reached approximately 2 psu over the 1984-2008 period, 
resulting in a maximum of -0.8%0 variation in &180 ,w. Both of these environmental 
parameters, even if com bin ed, cannot explain the &180 va riability in 5. durum. Other factors 
need, therefore, to be considered. A fractionation of the oxygen isotopes in carbonates, 
linked to the Mg-content of the materia l and independent from the IMF discussed above, 
translates as an increase of 0.13%0 per MgC03 mo!% (Jimenez-Lopez et al., 2004) . In our 
case, to correct for this fractionation would a ffect the range of &180 values by less than 
2%0. The effect of the carbonate calcification rate has a lso been reported as potentially 
significant ( e.g. Mcconnaughey, 1989a;b; Dietzel et a l., 2009) . Based on Dietzel et a l. 
(2009) findings, we calculated a possible &180 range reduction of -0.6%0, based on th e 
annual extensi on rates recorded for the 5. du rum rhodolith branch over the studied period 
(0.2-0.8 mm.yr-1). A very sim plified a nd rough estimation of the rea lity would be to 
consider that all of these factors are intimate ly related a nd that the correction for the 
relative fractionations acts toward an overall reduction of the &180 range in S. durum. Even 
under this unlikely, id eal scenario, a &180 range of -5.20/oo would still remain unexpla ined. 
Variations in pH explain, to some extent, the &180 fractionation in foraminifera (Spero 
et al., 1997; Zeebe, 1999) as we ll as a >10%o &180 range in cora ls (Rollion-Bard et al., 
2003a; 2007). We propose that pH variations also most likely explain a sign ifica nt part of 
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the observed 6180 range in the S. durum rhodolith as pH controls the proportion of the 
carbonate species in any solution (i.e. H2CO,; HCO, ·; C0,2·). For each of the carbonate 
species possessing a different 6180 signature, the oiso value measured in a solution, 
therefore reflects the proportion of each carbonate species and, thus, contains pH 
information (McCrea, 1950; Usdowski and Hoefs, 1993; Zeebe, 1999). According to 
Usdowski and Hoefs (1993), a variation of -5%o in 1\ 180 corresponds to a pH variation of 
-5 units (see also Rollion-Bard et al., 2003b). Although pH>9.5 can result from high 
photosynthetic activity of the seagrass beds in shallow, tropical lagoo ns (Semesi et al., 
2009), we consider that a pH variation of 5 units is unlikely to occur in the natural 
environment. However, it may be possible that high pH variations occur in the coralline 
red alga calcifying fluids. Although direct pH measurements in corals' calcifying structures 
showed variations of -1 unit (Al-Horani et al., 2003a;b), as processes of calcification 
between cora ls and coralline red algae are somewhat different ( e.g. corals: Gattuzo et al., 
1999; coralline algae: Bilan and Usov, 2001) and no direct (micro electrode or 
microsensor) or indirect (e.g. boron isotopes) measurements of pH in coralline red algae 
are so far ava ilable in the literature, a variation of -5 pH units in the calc ifying fluid of S. 
durum cannot be ruled out. 
Another potential pH-related explanation for the wide range of 1'>180 va lues observed in 
the rhodolith resides in the kinetics of the calcification process. Indeed, as described in 
Rollion-Bard et al. (2003a), the pH of the solution also controls the way HC03· ions are 
produced, either by CO2 hydration or hydroxylation. These two reactions have different 
equilibrium times in seawater as well as different 1'>180 fraction ation factors (Johnson, 
1982; Rollion-Bard et al., 2003a). Therefore, for a defined pH range, differences in the 
kinetics of calcification may result in different levels of oxygen isotope fractionation that 
could translate in th e precipitated carbonate mineral (Rollion-Bard et al., 2003a). 
It was beyond the scope of this study to provide precise, quantitative information on 
th e exten t of each discussed factor. However, it appears that the 6180 composition of S. 
durum rhodoliths at high resolution is the result of more than only environmental 
variability. Therefore, the use of SHRIMP methodology for 6180 analyses may have the 
potential to · provide critical ins ights into biologically-related processes in coralline red 
algae. 
Vlll-4.d c5 180 variations in rhodoliths 
Both the anti-correlations between /i1BO and Mg/Ca along th e rhodolith branch and 
between 1'>180 filtered from inter-annual variations and the loca l SST at monthly resolution 
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sugges t that a seasonal temperature s ignal may be recovered from 1\180 measurements in 
S. durum. Furthe rmore, the extent of 0100 variations aga ins t the range of SST (determined 
by the slope of the lin ear fit at monthly resolution as well as by the average a nnual 
patterns for the 1984-2008 period) matches the one for abiotic calcite (-0 .2%o.°C-J - Kim 
a nd O'Neil, 1997) and is comparable to previously re ported va lues for other coralline red 
algal species (Halfar et al., 2000; 2008). However, the poor correlation coefficients a lso 
indicate that the environmental s ignal present in the high-resolution /ilBO variations 
recorded from SHRIMP a nalyses is likely to be altered by significant sources of 
uncertainties, which can be: 
(1) instrum ental: when undertaking SIMS analyses, the nature of the coralline red a lgae 
inevitably results in a necess ity for IMF corrections; 
(2) methodological: associated with the fit between the Mg/Ca, LA-ICPMS dataset and 
the &180, SHRIMP spots, as we ll as with age model uncertainties; 
(3) biologica l: linked to the hardly quantifi able, high-resolution heterogeneity of 
coralline red a lgae metabolic processes that potentia lly affect the &180 fractionation. 
Considering the inter-a nnual variations enables us to overcome the methodological 
sou rces of uncertainty as well as to reduce the dominance of high-resolution vital effects 
(see a lso Rollion-Bard et a l., 2003a). At this particula r scale, th e &180 variations in S. durum 
do not show any significant relationship with th e local SST but, rather, significantly 
correlate with the SSS patte rn, particula rly recording the abrupt increase in salinity a t the 
site in the early 1990s (Figure Vlll-8). This correlation is not surpris ing as in New 
Caledonia, and in the tropi cs in genera l, SST patte rns have limited inter-a nnual va ri ability 
whereas the SSS signal is mostly dominated by a n inter-annual pattern (e.g. Nice t a nd 
Delcroix, 2000). Furthermore, monthly-filtered &180 records are commonly used in other 
calcareous marin e organisms (e.g. corals) to reconstruct inte r-annual &18O,w va ri a tions 
that a re related to SSS changes (Correge et al., 2000; Le Bee e t a l., 2000; Kilbourne e t a l., 
2004; Co rrege, 2006). However, in our case, the range of &180 varia tion against SSS 
( +3 .3%o.psu-1) considerably exceeds the maximum predicted 0180 ,w va riations 
(-0.40/oo.psu-1) . Consequently, we s peculate that instead of directly reco rding &18O,w 
varia tions, the inter-annual SHRIMP &180 signa l in S. durum is either s till biased by 
undetermin ed IMF factors that have no t been corrected for and appear to control the 
amp litude of 0100 variations, or is primarily a ffected by other parameters that a re, 
themselves, re lated to the loca l SSS pa tte rn. 
In a ny case, it appears that &180 ana lyses in tropical cora llin e red algae cou ld poss ibly 
lead to the reconstruction of e nvironm ental signals a t monthly to inter-annual resolutions. 
However, due to the multiple sources of uncertainty that are like ly to bias the &180 record, 
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we are reserved concerning the use of high-resolution SIMS as the ideal analytical 
approach to achieve such a goal. 
Vlll-5 Conclusion 
Oxygen isotopic ana lyses of coralline red algae were conducted for the first time using 
the SHRIMP technique. 
An Mg-content-related IMF for carbonate samples was found to be of comparable 
extent to the one recently reported using a different SIMS instrumentation, confirming 
that the oxygen fractionation occurs during the sputtering process. Another type of IMF 
was related to the intensity of secondary oxygen ion beam reaching the MS detector and 
might be attributed to the sample porosity, th e presence of a small amount of organic 
matter or a combination of both. 
Correcting for the IMF led to an increase of -7%o in the average 1\ 180 value that was, 
then, similar to the 1\ 180 measurements from conventional MS, as well as within the range 
of previously published values for other species of coralline red algae. 
The range of 1\180 variations at high-resolution could not be explained by 
environmental factors such as SST or SSS a lone. Other potential factors were discussed, 
one of the most probable being the effect of pH on the oxygen isotopic fractionation 
occurring during ca lcification processes. We therefore sugges t th~t future 1\ 180 SHRIMP 
ana lyses associated, for examp le, with carbon and boron isotopic measurements, may 
considerably improve our und erstanding of th e metabolic behaviour and vital effects of 
coralline red algae, as has been the case previously for other marine organisms. 
Environmental signals might, nevertheless, still be recovered from the S. durum 1\180 
variations at monthly to inter-annual timescales using SHRIMP analyses. However, due to 
the multiple sources of uncertainty associated both with the nature of the sample and the 
instrumentation, further developments of the method are required. 
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Conclusions and 
future directions 
IX-1 On Sporolithon durum rhodoliths from the Ricaudy Reef, New 
Caledonia 
This work on Sporolithon durum rhodoli ths from the Ricaudy Reef, New Caledonia 
represents a further deve lopment of projects conducted around the world that are based 
on the study of the geochem ical composition of long-lived co ralline red algae and their 
ability to provide insights into past environmental conditions . In that respect, previous 
findings were confirmed, others completed, and new outcomes were provided. 
The existence of major growth bands in S. durum, attributed to a seasonal cyclicity, as 
we ll as the minor, sub-annual banding, appear to be a feature shared between several 
cora ll ine red alga l species. Similarly, the average annual extension rate recorded here for 
S. durum rhodo liths is in good agreement with those previously reported in the literature. 
In this regard, it has to be noted that we did not record any effect of seawater temperature 
on the extension rate variations or growth pattern of S. durum rhodol iths from the Ricaudy 
Reef, as has previously been recognised for other species of encrusting coralline red algae 
from various locations from the high latitudes. However, this absence of relationship has 
already been reported in the case of rhodoliths. 
Our investigations on the variations of Mg composition of S. durum skeleton further 
assessed the pronounced seasonal cycl icity already observed for different species and 
confirmed the potential use of major Mg cycles for chronological deve lopment. The 
previously reported close re lationship between Mg variations in coralline red algae from 
high latitudes of the Northern Hemisphere and seawater temp erature changes was 
similarly observed in S. durum rhodoliths from the tropical Western Pacific. The ability of 
Mg/ Ca variations to reco rd both loca l sea-surface temperature (SST) changes at monthly 
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to sub-monthly resolution and regional, inter-annual climate patterns was also confirmed. 
Among the various trace elements studied, Mg was found to be the most suited for 
temperature reconstruction, as previously suggested. Nonetheless, variations in Sr 
composition were also linked to temperature changes, showing appositive correlation as 
recently reported. 
Finally, the analysis of the oxygen isotopic composition in S. durum revealed a strong 
vital effect resulting in more negative 1\180 values than expected for abiotic, high-Mg 
calcite precipitation. The extent of the 1\180 discrimination recorded in S. durum is 
comparable to the one published for other coralline red alga l species. 
This study also expanded some of the aspects treated in previous coralline red algal 
research. The use of laser ab lation inductively coupled plasmas mass spectrometry (LA-
ICPMS) as a technique to obtain geochemical information from coralline red algae was 
further assessed and developed here. We demonstrated, for instance, that the use of a 
matrix-matched external standard is critical for calibration of the Mg/Ca composition. 
Modifying the LA-ICPMS instrumental settings, and especially the laser spot size, enables 
to highlight different components of the Mg/Ca signal. Lower-frequency, environmentally 
controlled Mg/Ca variations are better recorded using a bigger laser spot, whereas higher-
frequency, biologically influenced Mg/Ca changes can be best observed using smaller spot 
sizes. 
The observed positive relationship between Sr /Ca and seawater temperature in 
coralline red algae has been attributed to a biological influence in previous studies. Here, 
we suggest that rather than an algal control on Sr incorporation, thermodynamics may 
explain the observed positive relationship and that it is linked to the varying high-
concentrations of Mg in the calcifying fluid. As a consequence, Sr may be considered as an 
indirect proxy of seawater temperature, which would explain the lesser extent of the 
temperature control on Sr compared to Mg. This project also extended the array of 
geochemical temperature proxies in coralline red algae, now including Li/Ca variations, 
which appear to behave similarly to Sr /Ca variations. 
Since the use of X-ray absorption near edge structure (XANES) technology to 
demonstrate the assoc iation of Mg in the calcite lattice of Lithothamnion glaciale, it has 
been widely accepted that Mg in coralline red algae was quasi-exclusively incorporated 
into the calcite mineral. However, here, we demonstra ted that, for S. durum from the 
Ricaudy Reef, a significant part of the Mg is likely to be associated with th e organic 
com ponent of the alga that is mainly located inside the cell structure. Therefore, as a lready 
suggested, there may be a need to investigate the distribution of Mg into coralline red 
algae on a species-to-species basis. Nevertheless, for S. durum, the presence of organic-
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matter-associated Mg does not seem to significantly affect the cyclicity of the Mg/Ca 
signal, and therefore, does not compromise the temperature changes reconstructions. 
In addition to the previous findings, the present proj ect provides new results for 
coralline red algae geochemistry research and stands as a pioneer one in several aspects 
of the discipline. First of all, this type of high-resolution (i.e. monthly to sub-monthly 
resolution) geochemical study conducted on the speci es S. durum represents a first for the 
coralline red algal order Sporolithales. It is also the first time that specimens from the 
Southern Hemisphere, moreover from the tropics, were investigated for such purpose. The 
fact that the conclusions d rawn here on the potential of these organisms for 
palaeoenvironmental reconstruction confirm th e ones from previous studies on different 
species/order from high-latitud es represents a step further in the assessment of coralline 
red algae as a global environmental proxy. 
Furthermore, we provide the first coral-coralline red algae comparison for SST 
reconstruction. The favourable comparison of the Mg/Ca proxy in the rhodoliths aga inst 
th e Sr /Ca proxy in corals, which is one of the most commonly used and reliable archive of 
seawater temperature thus far available, adds another level of credibility to our data and 
reinforces th e potential of palaeoenvironmental research using coralline red algae. 
The extensive use of LA-ICPMS enabled the study of the composition of 15 trace 
elements in our rhodoliths, 11 of which have never been reported so far for coralline red 
algae. Although the variability of the majority of trace elements was too pronounced to 
expect any direct implicatio n for palaeoenvironmental use, the data presented here may 
serve as a baseline for future studies. The variations of other trace elements such as Mn, 
Fe, Ni and Co successfully recorded environmental disturbances linked to local 
anthropogenic activities over several decades and added a new aspect to the potential of 
coralline red algae as bio-monitors of the environment. 
Finally, this study pioneered in the use of the se nsitive, high-resolution ion microprobe 
(SHRIMP) to determine the coralline red algal oxygen isotopic composition at high-
resolution, and although straightforward interpretations of the SHRIMP data were not 
achieved, it •is beyond doubt that further analyses may provide cri tical information on 
various aspects of coralline red algal research, from ecology- and biol ogy-related 
parameters, such as vital effect or calcification processes, to potential high-resolution 
environmental reconstructions. 
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IX-2 Future directions 
Although the present study further assessed previous suggestio ns and contains severa l 
novelties for coralline red algal and rhodolith research, it still represents a modest 
contribution to the state of knowledge necessary to fully understand if and how coralline 
red algae may be used as global environmental recorders. Further investigations are 
critical in order to establish coralline red algae as reliable and widespread tools for 
palaeoenvironmental reconstructions. 
Future research should involve attempts at environmental reconstructions from more 
locations around the globe, using the same or additional corallin e red a lgal species from a 
wider array of environm ents. This way, the potential of these organisms to be a worldwide 
a rchive would be more thoroughly assessed. For example, additional tropical locatio ns 
shou ld be explored and the presence of known rhodolith beds in French Polynesia, 
Indonesia, Zanzi bar or Brazil shou ld render this task achievabl e. Records from temperate 
waters would also be greatly beneficial and the coasts of Australia, New Zealand, the Gulf 
of California, Spain and the Mediterranean are promising locations for this type of study. It 
is also crucial to continue expanding coralline red a lgal records from the high latitudes in 
the Northern Hemisphere, but also possibly commence studying Southern Hemisphere 
specimens off South ern Chile or Antarctica for instance, where the presence of coralline 
red algae has been reported . This type of study may provide invaluable information about 
the past climatic variability of the Southern Ocean. 
It is also critical to generate additional environmental records that go beyond the 
instrumental records in order to provide significant data for climate models. Depending on 
the study location, several decade- to century-long records wou ld be needed if modern 
sa mpl es were used. This may be achieved by using long-lived specimens collected alive or 
by coring through a rhodolith bed and thus, use a compilation of multiple 
crusts/rhodoliths to obtain a composite, longer record (e.g. Kamenos, 2010). The use of 
reliably dated, fossil specimens may also contribute to extend environmental records from 
coralline red algae further back in time. It still remains to be seen how far back in time one 
can go to reconstruct past co nditions of the environments in wh ich coralline red algae 
grew. Advances in this domain wi ll only be poss ible when a better characterisation of 
diagenesis within the specimens, common ly but not exclusively seen as infills in the cell 
structure, cou ld be achieved. 
We saw in this study that the growth pattern of S. durum may play a significant role in 
the observed variability of trace elements in the rhodoliths. Although an attempt at 
characterising the growth pattern of S. durum has been made here, questions still remain. 
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For ins tance, what causes the annual extension pattern to be asymmetrical? or, do the 
minor bands effectively form according to luna r cycles? Parts of the answer may be 
revealed by future studies, some ongoing CJ. Mallela, personal communication), involving 
growth-monitori ng experiments at higher resolution than carried out here. Repetitive 
sta ining of rho doliths or red a lgal crusts at a fortnight ly or even a weekly resolution ought 
to be envisaged for in situ or culture experiments. Neverthe less, we need to keep in mind 
the potential adverse effect on the algal metabolism of the use of Alizarin Red S stain. 
Experimenting with other s taining techniques such as calceine stain or seawater isotopic 
(e.g. 43(a; B4Sr) enrichment may also be beneficia l. 
Culture experiments also appear critical for further assessment of the mode of 
incorporation and the distr ibution of trace elements within coralline red algae. Better 
knowledge of these two aspects is essential in order to be able to re liably use specific trace 
elements such as the metals studied here (Mn, Fe, Ni and Co) as proxies of environmental 
changes. The use of XANES technology as well as the selective extraction technique may 
rep resent other ways to contribute to advances in this area. 
Finally, although the SHR IMP analyses conducted during this project were originally 
focused on high -resolution environmental reconstructions using the oxygen isotopic 
composition of S. durum, this pioneer approach seems to offer a welcomed opportunity to 
further investigate calcification and metabolic processes in coralline red algae. We suggest 
that future studies involving SHRIMP 1\180 analyses should be carried out in combination 
with l\13C measurements in order to obtain insights into the extent of vital effects in the 
incorporation of oxygen isotopes into the calcite structure. In addition, 611 8 analyses 
would be greatly beneficial so as to be able to better characterise the role of pH va riations 
during the calcification process on the oxygen isotopic composition r ecorded in coralline 
red algae. 
In summary, with the pioneer study carried out in 2000, followed by the first 
applications in the late 2000s-early 2010s, the geochemistry of coralline red algae used for 
palaeoenvironmental reconstruction is only emerging among the scientific community. As 
an inevitable comparison, coral geochemistry has been commonly (and almost routinely) 
used for the same purpose for at least 20 years and is now logically, well in front in te rms 
of technique and state of knowledge. However, corall ine red algal geochemistry can 
greatly benefit from previous advances in this si milar (in many ways) discipline, a nd the 
results obtained so far are very promising for the recognition of coralline red algae as 
environmental archives in the marine realm, across all latitudes. 
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